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The effect of long-wave radiation upon phosphorescence has 
been studied by nearly all investigators of phosphorescent phenom- 
ena. The action of red or infra-red is to hasten the decay of 
phosphorescence, a phenomenon used by Draper and others to 
map infra-red spectra. The manner of action differs with the 
phosphorescent substance. With many the incidence of long- 
wave energy causes a flashing-up of luminescence, after which 
follows a rapid decay. With some others this preliminary flash is 
apparently absent. Among these latter is zinc sulphide, variously 
known as sidot-blende or ‘‘Emanationspulver,”’ depending on its 
source or method of preparation. Among recent observers who 
have studied this substance may be mentioned Dahms,’ Nichols and 
Merritt,? Werner,’ and Lenard. Various phases of the behavior 
of this sulphide have occupied the attention of each of these investi- 
gators but they have been in general agreement until recently 
that the flashing-up of phosphorescence is absent. But Lenard, 
who distinguishes several varieties of phosphorescent zinc sulphide, 

* Annalen der Physik, 13, 425, 1904. 

* Physical Review, 25, 362; 23,37; 22, 279; etc. 

3 Annalen der Physik, 24, 164, 1907; 30, 257, 1969. 

4 Tbid., 31, 641, 1910. 
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mentions in his latest publication that even in the variety most 
susceptible to the extinguishing action of red light a very brief 
flash may be seen if properly looked for. 

This phenomenon is of some importance in developing a satis- 
factory theory of phosphorescence. It was originally held, by 
Becquerel, that the total quantity of radiation given out by a 
phosphorescent mass during decay is a constant. The effect of 
red radiation is simply to accelerate the giving up of the stored 
energy; consequently the flashing-up is a necessary process to 
maintain the constancy of the tota! radiation. The existence of 
substances not exhibiting this effect demands the discarding or the 
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Fic. 1.—Diagram of apparatus 


modifying of this idea. A knowledge of the true character of the 
behavior of these substances under the influence of long-wave 
energy is necessary to indicate the requisite modification of this 
original theory or the substitute for it. 

The experiments described in this paper show that in zinc 
sulphide the flashing-up phenomenon is clearly present, with the 
peculiarity that it becomes striking only upon the lapse of some 
time after the beginning of the decay of phosphorescence. The 
investigation started by an observation made during a test of 
zinc sulphide for its use in the detection of infra-red radiation in 
the fire-fly. At first it appeared that a flash of red light extinguished 
the phosphorescence only if it occurred within a few seconds after 
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the beginning of decay. Later during the process of decay a 
similar brief exposure to red light caused no extinction. But 
further observation showed that the extinguishing effect was 
apparently merely delayed in starting. If given time, the extinc- 
tion produced by an exposure five minutes after excitation would 
attain as great a value as that from a similar exposure immediately 
after excitation. 

For the exact study of this phenomenon a new arrangement of 
photometric apparatus was employed, possessing some decided 
advantages over any heretofore published. The apparatus is 
shown diagrammatically in Fig. 1: 7 is the surface of zinc sul- 
phide lying horizontally; 8, a thin metal sheet whitened with mag- 
nesium oxide and standing vertically. Excitation of the sulphide 
is produced by the light of a carbon arc through blue glasses (trans- 
mitting no red) at 3, the light being reflected by the platinum-faced 
mirror,4. This mirror can be turned about a vertical axis, 6, so as 
to receive when desired the red or infra-red radiation from a 100 
c.p.carbon lamp behind 5. At 5 is a ‘‘ Volute’”’ photographic shut- 
ter for regulating the time of exposure to red or infra-red. The 
vertical surface at 8 is illuminated by the incandescent lamp at 13 
whose light passes through the Brodhun sector, 12, and through the 
colored glasses, 11. By changing the voltage of the lamp and by 
altering the opening of the sector, a very large range of illumina- 
tions is obtainable. The observer looking through the lens, 9, 
sees as photometric field the zinc sulphide surface, 7, and the vertical 
sheet, 8. Holding his hand upon the sector he is able to make 
photometric settings rapidly, while an assistant reads the times 
and the opening of the sector. By this means such phenomena 
as the flash-up of luminosity may be followed and measured 
accurately. By the addition of a chronograph and an automatic 
recorder this apparatus should make it possible to secure measure- 
ments just as fast as the eye and hand can make settings. For the 
present work sufficient speed was attained without these additions. 

The first measurements made with this apparatus revealed a 
more interesting phenomenon than had been suspected. The 
initial experiments were to determine the effect of flashes of one 
second’s duration of the light from the incandescent lamp through 
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a ruby glass (carefully tested to insure no blue or ultra-violet 
transmission). The phosphorescent surface was first reduced to 
a standard condition according to the procedure of Nichols and 
Merritt by five minutes’ exposure to red, followed by five minutes’ 
rest. The duration of excitation was uniformly two minutes 
(except where noted otherwise) with a constant cur- 
rent through the arc. Under these conditions, the 
initial brightness of phosphorescence and the rate of 
decay were very satisfactorily uniform. The results 
are shown in Fig. 2. It appears that after a certain 
lapse of time, zinc sulphide does show the flashing-up 
phenomenon. The apparent lag in the extinguish- 
ing effect which first attracted attention appears to 



















































































"d be merely the intermediate stage between the early 
wot t condition where rapid extinction occurs and the 
at 1 later condition where increased brightness precedes 
| extinction. 
"] | A long series of observations has been made on this 
~ | phenomenon as it occurs under varied conditions of 
wt excitation and exposure to long waves. In some of 
| \ these the exposure to long-wave energy consisted of 
. flashes of definite length of red light, in others to 
co flashes of infra-red (carbon disulphide and iodine cell 
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Fic. 2.—Effect of red light on the phosphorescence of zinc sulphide at different 
periods during decay. Full excitation 2 minutes; one second flashes of red. 


added to ruby glass), in still others the exposure to infra-red once 
started was allowed to continue. This last procedure of course is 
only compatible with the observation and measurement of phos- 
phorescence if the extinguishing radiation is invisible. The par- 
ticular mode of working will be noted as the various experiments 
are described. Those first performed were with red light while 
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the later ones demanded infra-red, and in making the change no 
qualitative difference in the effect of the two was found. 

Effect of varied quantity of red radiation.—The amount of flashing- 
up and the shortest interval after the beginning of decay that 
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this flash-up can be noticed were studied by inter- 
posing different neutral-tint absorbing screens over 
the red light. Flashes were made on the sulphide 
surface at approximately one, three, five, eight, and 
fifteen minutes after excitation, the surface being 
freshly excited each time. Three different series, 
each corresponding to a different intensity, showed 
a direct relation between intensity of red radiation 
and extent of flashing-up. With small intensity 
the flash is small, with great intensity it is marked. 
With the 100 c.p. lamp at about eight inches from 
the surface a red flash of one second produces an 
observable flashing-up of phosphorescence as 
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Fic. 3.—Effect of high intensity of infra-red 


close as thirty seconds from the beginning of decay, while at 15 
minutes the flash is several hundred per cent of the brightness of 
phosphorescence just preceding it. With a tenth of this intensity 
of the red the flashing-up is much smaller, and not noticeable till a 











178 HERBERT E. IVES AND M. LUCKIESH 


later time. Fig. 3 gives a typical decay-curve with the effects of a 
red flash of high intensity at various times. In the observations 
plotted in Fig. 4 a large range of intensities of red light were used 
and the flashes were all made at approximately five minutes after 
excitation. They show the dependence of the amount of the 
flashing-up on the intensity of red light. These have been plotted 
diagrammatically to one side. 
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Fic. 4.—Effect on flashing-up phenomenon of varying the intensity of infra-red 


Effect of weaker excitation.—Fig. 5 shows three decay-curves, 
corresponding to three different intensities of the exciting light. 
At approximately the same times after the beginning of decay the 
same exposure to red light has been given to each. It is at once 
evident that the significant factor is not the brightness to which 
the phosphorescence has fallen but the time that has elapsed since 
excitation. The first red flash on the lowest curve, for instance, 
occurs when the brightness of phosphorescence is already lower 
than it is on the highest curve at a time when the flashing-up is 
very marked.' 


* The indicated flash-ups on the lowest curve (c) were observed qualitatively, but 
no measured points above the curve were obtained. 
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Fic. 5.—Effect of different intensities of excitation on the flashing-up phenomenon 
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Effect of shorter excitation.—Exactly similar results to those of 
Fig. 5 are obtained if lower decay-curves are produced by shorten- 
ing the excitation to a few seconds. These confirm the conclusion 
that the occurrence of the flashing-up is determined not by the 
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Fic. 6.—Effect of previous exposure to red light on the susceptibility to flashing-up 


















































condition of phosphorescence as measured by its brightness, but 
by the time that has elapsed since the beginning of decay. 

Effect of previous exposure to red or infra-red.—Short exposure 
to long-wave radiation, which in general acts to decrease the 
brightness of phosphorescence, does, unlike decreased or shortened 
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excitation, hasten the condition of flashing-up. An exposure of 
3 seconds to red light, immediately after excitation, brings the 
substance to a condition such that there is a pronounced flashing-up 
long before flashing-up would occur under other circumstances when 
flashed with a given intensity of red light. Successive exposures 
to red light produce strong flashes of phosphorescence apparently 
for an indefinite period. We have watched and measured these 
bursts of phosphorescence produced by successive flashes of one 
second each at intervals of one minute up to the number of ten, 
when the phenomenon was as pronounced as at the start (Fig. 6). 

Observations on different samples.—The zinc sulphide used in 
these experiments was a Verneuil preparation furnished by Eimer 
& Amend. With the possibility in mind that it was of a quite 
different character from that employed by previous observers an 
effort was made to secure other specimens. Through the kindness 
of Professor E. L. Nichols we were provided with a piece of the 
sidot-blende screen used by him and Professor Merritt in their 
work, and with a specimen of ‘‘Emanationspulver.” Some of the 
experiments above described were repeated with these samples. 
With all three specimens the flashing-up phenomenon is present, 
but in different degree; similarly other properties, such as color 
of phosphorescence and shape of the decay-curve, are different, 
and it will be seen that they fall into a certain uniform order with 
respect to all their properties. 

Flashing-up phenomenon.—The flash-up is least marked in the 
sidot-blende screen, most marked in the ‘‘ Emanationspulver,”’ 
our sample of zinc sulphide lying between. Fig. 7 shows the per- 
centage increases in brightness due to exposure to infra-red radia- 
tion, of uniform intensity in all cases. The infra-red was allowed 
to continue its action when once turned on, the luminosity being 
followed by the Brodhun sector till it reached a maximum. The 
sidot-blende screen, which shows the least flashing-up, also shows 
the most rapid decay under the infra-red. 

Decay-curves—The decay of phosphorescence is frequently 
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plotted with time as abscissas, and ry , where J is intensity, as 
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ordinates. A close approximation to a straight line has usually 
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° ° I 
been found, this corresponding to a decay law of / =(a4bi)™ where 
si a ) 
m=2. Nichols and Merritt find two straight lines, merging one 
into the other a few seconds after the beginning of the decay. 
Werner, in agreement with the theory of Lenard, finds two processes 
in the decay: one a long process which plots as a straight line in 


I 
terms of VT against time; the other a short process superposed on 
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the long, and following an exponential law. In sulphides contain- 
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ing a large amount of active metal the short process lasts for a 
much shorter period than in sulphides containing a small quantity. 
I 
Consequently the decay-curves when plotted in terms of yy more 
quickly become straight lines in the former than in the latter case. 
Werner has also experimentally determined the constants in the 


I m j 
two equations t= (bp and J,=ae~* such that the summation 
¢ 


of these two curves represents very satisfactorily the different 
decay-curves obtained with different compositions of the sulphide. 
Upon plotting the decay-curves of our sample of zinc sulphide in 
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I 
terms of 7 2 curve concave to the time-axis was obtained, which 


approached nearer a straight line as time went on, although even at 
thirty minutes it is questionable whether perfect straightness is 
reached. A decay-curve of this substance—the mean of many 
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Fic. 8.—Decay-curves 


. I . . . 
observations—plotted in terms of v7 shown in Fig. 8. There 


is also shown a curve obtained from the substance after one second’s 
exposure to red light. This gives a similar concave curve, not, 
as has previously been supposed, the first curve with its origin 
shifted. It is a matter of some interest to note that all our curves 
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ce fact learned upon plotting 


plot as straight lines in terms of 
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them on logarithmic paper. Great significance is not attached 
to this point because, for reasons below noted, it appears more | 
probable that we have, as Lenard and Werner have proposed, two } 
superposed processes, following different laws. That the resultant 


. . ° I 
| curves plot as straight lines in terms of y9 





is perhaps only an accident. 
The decay-curves of the three different sam- 
ples at our disposal show their different degrees 
of straightness in exactly the order of their exhi- 
bition of the flashing-up effect. The sidot-blende 
screen shows the greatest curvature, while the 
‘“‘Emanationspulver”’ is, within the error of ob- t 
servation, a straight line from one minute on- 


























ward. These are shown in Fig.9. If we accept | 


\ the two processes of Lenard, and consider these 
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Fic. 9.—Normal decay-curves of three specimens of zinc sulphide 


three samples as sulphides of different content of active metal, 
exhibiting the two processes in different degree, in agreement 
with the work of Werner, then it appears that the flashing-up 
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phenomenon is a characteristic of the long process (Dauerprozess) 
which plots as a straight line, while the rapid drop is a character- 
istic of the short process (Momentanprozess), which furnishes the 


eer , I ; , 
initial curvature (when plotted in terms of 77, against time.) 


SPECTROSCOPIC WORK 


Following these photometric observations attention was turned 
to spectroscopic lines of investigation. The dependence of the 
flashing-up effect on the wave-length of the exciting light and of 
the extinguishing light was first investigated. Then with the 
assistance of photography the spectral character of the phosphores- 
cent light was studied. 

For the first problems a small Fuess quartz spectrograph was 
employed. Owing to the extreme obliquity of the plate with 
respect to the axis of the instrument it was possible to cut an 
opening in the side of the camera, through which the phosphores- 
cent surface could be observed during excitation or decay and 
through which red radiation could fall upon the sulphide when 
desired. An iron arc was used in studying the characteristics of 
the substance under different kinds of excitation. Zinc sulphide 
has a maximum of response to equal energy excitation in the blue 
and the violet, falling off to zero in the green, and being of lower 
value in the ultra-violet. Study of the effects of the flashes of red 
upon the strip of phosphorescence caused by the iron arc spectrum 
disclosed no noticeable difference at different wave-lengths. No 
matter by what light it was excited, the phosphorescence showed, 
after proper lapse of time, this flashing-up of brightness. 

A Nernst glower (focused on the slit by a glass lens) was used 
in studying the effect of different wave-lengths of extinguishing 
light. The phosphorescent surface was of such size that it could 
be moved past the slot in the camera back, and six observations 
could be made, at appropriate intervals after excitation. There 
are two maxima of extinguishing action, one at 0.7 #, the other at 
1.3 (for a normal spectrum), with a minimum between, at 1.1 #. 
The action extends to about 1.6 # and to about 0.6. A rather 
interesting phenomenon was noted in a series of observations where 
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the exposure to extinguishing light consisted of flashes of equal 
length. This was that the flashing-up effect is first apparent on 
the short-wave side of the extinguishing spectrum, afterward pro- 
gressing toward the long-wave side. At first it was thought that 
this must be actual production of phosphorescence, i.e., excitation; 
but upon cutting off all the blue and blue-green light by a yellow 
stained film the effect persisted, and finally, upon exposing a surface 


—> Time after exposure to infra-red > 
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Fic. 10.—Progress of flash-up from green to infra-red 
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thoroughly extinguished beforehand by red light and by rest in the 
dark, no trace of luminescence was produced, clearly showing this 
to be not an excitation of phosphorescence, but a flashing-up of 
decay. 

Fig. 10 shows diagrammatically the apparent course of the 
extinguishing action. From top to bottom the time aftér excita- 
tion at which the red flash occurs is supposed to increase, as shown; 
from left to right is illustrated the history of the decay after the 
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flash of red. Elevation above the reference line indicates the ex- 
posed area to be brighter than the surrounding surface, while 
depression below the line indicates the exposed area to be darker. 
The scale of wave-length refers to the extinguishing light. These 
experiments were made only with our own specimen of zinc sul- 
phide, as the quantity of the other samples did not make experi- 
ment with them feasible. 

Spectral character of the phosphorescent light.—Visual observa- 
tion shows the three samples of zinc sulphide to be different in 
the color of their phosphorescence, differing in the same order as 
that previously noted in respect to the extent of flashing-up and 
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F1G. 11.—Densities of spectrograms of three specimens of zinc sulphide 


the shape of decay-curves. The ‘“ Emanationspulver”’ is the most 
yellow, the sidot-blende screen the most blue-green. This differ- 
ence shows in the fluorescence, and lent itself readily to photo- 
graphing with a grating spectrograph of large aperture giving a 
spectrum 75 mm in length from 0.74% to 0.4#. The blue and 
violet mercury lines from a Cooper-Hewitt lamp served as excita- 
tion, and a screen of potassium bichromate reduced the intensity 
of the reflected blue light so that it was not troublesome in the 
spectrograph. The three negatives obtained, with a narrow slit 
and exposures of g to 24 hours, show no evidence of structure and 
in spite of the observed difference in color appear rather nearly 
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alike. In Fig. 11 are plotted the densities of the negatives against 
wave-length. Cramer “Spectrum” plates were used. One of the 
most important points to notice is that the apparent color-differ- 
ences are due to but slight differences in the spectra, owing to the 
fact that the radiation lies in the yellow-green part of the spectrum 
where hue changes rapidly with wave-length. As a consequence 
a transformation from one form to another during decay, after color 
is no longer observable, would be difficult to pick up without con- 
siderable dispersion. 

Photography of the spectrum of the phosphorescence.—A very 
difficult photographic problem arises when an attempt is made 
to photograph the spectrum of phosphorescence, because of the 
excessive faintness of the phenomenon. Pierce, who as yet has 
done practically the only work of this kind, has not carried it 
beyond two minutes after excitation. For the study of the flashing- 
up it is necessary to photograph at least five minutes after excita- 
tion—a fact which has necessitated special apparatus and exposures 
of excessive length. 

The most interesting problems are to determine whether any 
change occurs in the spectrum when the phosphorescence flashes 
up and whether the spectral character undergoes a change during 
decay into a form more susceptible to flashing-up. In the case 
of calcium sulphide, Stokes noted a distinct difference of color 
in the flash-up as compared with the unflashed phosphorescence. 
This would suggest the possibility of a different band of light 
or of only one side of the original band being responsible fo. this 
effect. Nichols and Merritt have observed the blue side of the 
zinc sulphide band to increase in brightness under infra-red radiation 
while the rest of the band decreased. 

In order to search for effects of this kind at late periods in the 
decay a large photographic phosphoroscope was constructed. 
Shown in plan in Fig. 12, it consists essentially of a flat disk of 
metal 1 foot (30 cm) in diameter mounted on the minute shank of a 
strong clock. Near the rim of the wheel is a shallow groove, filled 
with zinc sulphide powder. Through A comes the exciting light 
(blue lines of a Cooper-Hewitt arc), to be reflected downward by a 
mirror, M, over the groove. Through B comes strong red light.to 
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bring the sulphide to a standard condition before excitation. At 
C is a Nernst glower, inclosed in a light-tight box. An image of 
the glower is formed by the lens, D, through the CS, and iodine 
cell, Z, and strikes the phosphoroscope wheel after reflection from 
the mirror M,. The Fuess quartz spectrograph, F, points directly 
down upon the disk, and a lens forms upon its slit an image of the 
phosphorescent surface and of the Nernst image when desired. 


yoocp. Carbon Lamp 
and Red Class 


Mercury Are 
and Blue Class 














Fic. 12.—Large phosphoroscope 


With this apparatus four photographs were obtained, a pair 
corresponding to one minute after excitation, and a pair corre- 
sponding to fifteen minutes after excitation. The exposures were 
from fifty hours for the shortest at one minute, to ten days for the 
longest at fifteen minutes. In one of each of these the extinguish- 
ing image of the Nernst glower was focused to cover half the 
groove. 

No shift whatever in the position of the band of phosphorescence 
nor change in its character can be detected on comparison of the 
one minute and fifteen minute positions. Owing to the small 
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dispersion, however, it is just possible that as much change as that 
between the sidot-blende and the ‘“‘Emanationspulver”’ might be 
present (Fig. 13). 

The exposures at 15 minutes under the infra-red radiation 
showed beyond question that the total light flashes up; that is, 
it is not caused by a new band or by a marked increase in one 
part of the yellow-green band. On the most exposed fifteen 
minute plate a faint additional band was present on the blue side, 
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Fic. 13.—Spectra of phosphorescence (enlarged 3 times) 


which could not be traced to scattered light or other false cause. 

(This band was too faint to reproduce in Fig. 13.) In position 

it corresponds to the band in the blue of very short duration 

which has been previously observed, notably by Nichols and 

Merritt. The exposure at one minute under infra-red showed no 

blue band nor difference in character of the main band. | 
It is apparent from these results that the phenomenon of 

flashing-up will find its most probable explanation in some process 

affecting the total emitted light, the process varying in some manner 

during decay, rather than in any outburst of different spectral 

constitution. 
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THEORETICAL 


The flashing-up phenomenon has not received great attention 
in existing theories of phosphorescence, which have had sufficient 
task before them to explain the more prominent phenomena of 
excitation and decay. What follows is a suggestion as to how the 
experiments just described may be explained in general accordance 
with the ideas of Lenard. 

Lenard (op. cit.) classes zinc sulphide among the phosphorescent 
alkaline earth sulphides, which consist of an “active metal,” an 
“alkaline earth sulphide,” and a ‘‘flux.’’ In zinc sulphide the 
zinc may be both the active metal and the metal of the sulphide, 
or other metals such as strontium, copper or manganese in minute 
quantities may constitute the active metal. The action of light 
is the photoelectric effect, which tears out the photoelectric 
electrons. In their oscillatory return these, by resonance, set in 
motion the emitting electrons, whose vibrations constitute the 
fluorescent and phosphorescent light. Certain of the former elec- 
trons are Captured or stored up by the sulphur atoms, while others 
are dispersed through the surrounding atoms without becoming 
attached. The return of the stored-up electrons due to collisions 
or approaches of the metal atom and the loaded sulphur atom, 


will cause luminescence following the law J = the return of 


I 
(a+-dt)? ’ 
the unattached electrons will follow the law J=ae~*". In accord- 
ance with this hypothesis Werner considers the sulphides with a large 
quantity of active metal, those which show a straight-line decay 


, I : ° . 
(plotted as VI against time), as having but a small number of 


unattached electrons after excitation, and vice versa. 

The effect of elevated temperature and of infra-red radiation 
is held to be a shaking-up of the atoms, by which the frequency of 
the collisions is increased. Red and infra-red produce the agitation 
by resonance, setting in motion the larger aggregates which con- 
sist of sulphur atoms and attached electrons. The size and free 
period of these aggregates are large; they therefore respond to 
long waves, just as the small photoelectric electrons respond to 
short-wave excitation. 
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It will be seen that this theory calls for no direct effect of red 
radiation on the unattached electrons: in other words, only that 
period of the decay which is wholly represented by the straight- 
line relation is considered. In this region an accelerated rate of 
return of electrons is to be expected. This will cause an initial 
flash followed by a rapid decay, precisely what does occur. 

Let us now carry this reasoning of Lenard’s further and apply 
it to the unattached electrons to which is due the initial curvature 
of the decay when plotted in the manner we have considered. The 
condition we imagine is that in returning to the metal atom these 
have to pass between the sulphur atoms, loaded and unloaded. If 
the sulphur atoms are set into vibration by the incidence of long- 
wave energy it is evident that the chance for an unattached electron 
to reach its goal is much reduced, for it stands a big chance of being 
captured by collision with the rapidly moving sulphur atoms or 
aggregates. We might then expect that, while the luminescence 
due to the return of the originally captured electrons will flash 
up and then decrease, that due to the unattached electrons will 
suffer an immediate decrease owing to their capture in a manner 
not productive of light. The magnitude of this latter drop in 
brightness may be sufficient to mask the initial flash due to the 
freeing of the attached electrons. 

One consequence of this train of events would be that a short 
flash of infra-red energy would have a different effect on the sub- 
sequent decay, depending on whether it occurred during the early 
part of decay or at a later period. Let us assume that the effect of 
a given amount of long-wave energy on the aggregates composed of 
sulphur atoms and attached electrons is the breaking down of a cer- 
tain fraction of them by collision. Let the brightness of the phos- 
phorescence at any time be a function of the number of such aggre- 
gates existing and subject to the normal collisions at the working 
temperature. Then if an early flash of red both breaks down a 
fraction of the total aggregates and builds up new ones as indicated 
above, while later it breaks down the same fraction but builds up 
comparatively few new ones, then the brightness of the sample sub- 
mitted to the earlier flash will at any time subsequent to both flashes 
be the greater. In short, the degree of extinction of phosphorescence 
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produced by the same quantity of long-wave energy should increase 
with the increase of time after excitation. 

This is actually what does take place. In a previous paper" it 
was shown by'photographs of a phosphorescent zinc sulphide sur- 
face which had been given a series of exposures to red light that 
greater extinction occurred as time went on. This has been checked 
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Fic. 14.—Decay produced by identical exposure to infra-red at 1 minute and 5 
minutes after excitation. 


by a series of equal exposures upon a phosphorescent surface in the 
quartz spectrograph using the light of a Nernst glower. A photo- 
graphic print from this showed clearly the continued increase of 
extinguishing effect with time up to about two hours, after which 
it became constant.2 So marked was this effect that it was thought 

* “Further Studies of the Fire-Fly,” Physical Review, 31, 637, 1910. 

2 If the exposure to the photographic plate is made too soon after the last exposure 
to infra-red (say within 1 or 2 hours) the appearance is as though the extinguishing 
effect were decreasing again. This is due to the flashing-up phenomenon, which after 
this time becomes very large and long continued. 
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well to look for it by visual observation with the photometric 
apparatus. The result is shown in Fig. 14. The phosphorescent 
surface was excited, half of it covered with a metal plate, and the 
other half given, after 12 seconds, a 1-second flash of infra-red. 
The decay of both halves was followed to five minutes, then the 
first half was covered and the other half given an exactly similar 
flash of infra-red. After this measurements of each were made as 
plotted in the figure. The greater effect of the same quantity 
of infra-red at the later point in the decay is clearly indicated. 

This proposed explanation would place the three samples which 
were studied in the same order with respect to character of decay 
curve and extent of flash-up, which agrees with the facts. No 
attempt is made to incorporate an explanation of the slight differ- 
ence in color of the samples, for at present we have no data to tell 
us whether their constituents are exactly the same. The differ- 
ence in color may be due to a cause different from that producing 
the differences in the decay-curves. The latter, from the work 
of Werner, are known to be producible by different proportions of 
the typical constituents and a difference of that character has been 
assumed as responsible for the difference in the decay-curves of 
our samples. Other differences may exist, and until we have an 
opportunity to make up for ourselves specimens of these sulphides 
of known composition, we cannot follow out with profit the con- 
nection between the flashing-up phenomenon and the character 
of the decay-curve more clearly than has been done. 

The phenomena of the progress through the spectrum of the 
flashing-up effect as shown in Fig. 10 may be explained in agree- 
ment with the preceding paragraphs by assuming the atoms or 
aggregates which respond to long-wave energy as of different sizes, 
but all very much larger than the unattached electrons. In passing 
through a group of vibrating atoms the probability of the electron 
being captured is less the smaller the atoms. The smaller atoms 
are those thrown into vibration by the shorter wave-lengths. 
These, then, would be the first to show a decrease of the effect due 
to capturing unattached electrons; that is, they would be the first 
to show the flashing-up. 

A somewhat simpler explanation is, however,possible, and that 
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is that we here have differences due to different quantity of extin- 
guishing radiation. In the Nernst glower the intensity of the 
radiation increases rapidly toward the infra-red. The study of 
the effect of different quantities of 'ong-wave energy, plotted in 
Fig. 4, shows that while a small quantity produces a small flash-up, 
the flash is shown to die down. As the experimental difficulties 
were large in the observation of Fig. 10 it is possible that the 
effect was first noticed on the short-wave side because it had not 
disappeared too quickly to be caught. More exact quantitative 
measurements are here necessary. 


SUMMARY AND CONCLUSION 


It has been found, contrary to general belief, that phosphorescent 
zinc sulphide exhibits a flashing-up of luminosity under the inci- 
dence of long-wave energy. The peculiarity of this effect is that 
it becomes noticeable only after the decay of phosphorescence has 
proceeded for some time. Its occurrence is dependent on the time 
elapsing since excitation, for neither less intense excitation nor 
shorter excitation will hasten the bringing of the phosphorescent 
substance to the proper condition. Short exposure to long-wave 
energy does, however, hasten the attainment of the proper condi- 
tion for showing the flash-up. The magnitude of the flash-up 
varies directly as the intensity of the red or infra-red radiation. 

Study of several samples indicates that there is a direct relation- 
ship between the character of the decay-curve and the magnitude 
of the flashing-up phenomenon. The samples whose decay plots 


e.. ‘. ° 
nearest a straight line in terms of against time, show the effect 


I 
more than the ones whose decay plots as a curve. 

Spectroscopic observation indicates no qualitative difference 
in the phenomenon due to differences in the wave-length of the 
exciting light. The flashing-up effect appears to occur the sooner, 
the shorter the wave-length of the extinguishing light. Spectro- 
grams show no change in the spectrum of the phosphorescent light 
during decay. The spectrum of the flash is the same as before the 
flash, indicating that the phenomenon is not one of a separate band 
or part of the radiation, but a phenomenon of the total emission. 
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An attempt is made to develop a theory of the effect, based 
on the theory of Lenard. The flashing-up is ascribed to the 
stored-up electrons, which determine the shape of the decay- 
curve in the later part of decay; the quick drop in luminosity in 
the early part of decay is ascribed to the unattached electrons, 
which influence the initial direction of the decay-curve. 

It is our intention to follow up this work with similar experi- 
ments on freshly prepared sulphides of known composition, to 
extend the work to other substances, and to study the similar 
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THE SUN’S ENERGY-SPECTRUM AND TEMPERATURE* 
By C. G. ABBOT 


Spectro-bolometric determinations of the solar constant of 
radiation are attended by a number of by-products, among them 
the distribution of energy in the sun’s spectrum at the earth’s 
surface, and also outside the atmosphere. In the earlier solar- 
constant observations of the Smithsonian Astrophysical Observa- 
tory, the form of the energy-curve outside the atmosphere was 
investigated rather frequently, involving independent determina- 
tions of the transmission of the apparatus. But it soon proved 
that the value of the solar constant was only very slightly affected 
by wide changes in the supposed form of the extra-atmospheric 
energy-curve,? and we have generally assumed the form as known, 
and determine the transmission of the optical system therefrom. 
However, in each year of observation several complete deter- 
minations have been made, and the conditions of observation have 
varied so much that it seems hardly possible that the mean value 
to be given below can be very far astray, notwithstanding the 
great difficulty of the measurements, and the considerable diver- 
gence of the several determinations. 

In short, the determinations have been made as shown in 
Table I. 

The initials of observers refer to C. G. Abbot, F. E. Fowle, 
L. R. Ingersoll, L. B. Aldrich, and W. S. Adaras. I take this 
opportunity to express my obligation to the four last-named 
gentlemen and to Miss Graves for their aid in the work. A state- 
ment of the method usually adopted for the observation may be 
found in Vol. II of the Annals of the Astrophysical Observatory 
(see pp. 24 and 50 to 57). At each of a large number of wave- 
lengths in the solar spectrum it is required to determine: (1) 
the intensity at the bolometer; (2) the selective transmission of 
the spectroscope; (3) the selective reflection of the heliostat; 

* Published by permission of the Secretary of the Smithsonian Institution. 

See Abbot and Fowle, Astrophysical Journal, 29, 280, 1909. 
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(4) the transmission of the atmosphere. A bolograph indicates 
the first, and measurements on a series of bolographs, taken at 
different zenith distances of the sun, furnish the means of com- 
puting the last. The reflection of the heliostat is determined 
by taking bolographs: (a) with the ordinary mirror or pair of mir- 
rors; (6) with a substitute mirror or pair of mirrors; (c) with the 
combination of both regular and substitute mirrors. The relative 
transmission of the spectroscope is determined by first passing 
the rays through an auxiliary spectroscope, selecting certain wave- 
lengths and observing their intensity: (d) as transmitted by the 
auxiliary spectroscope; (e) as transmitted by both spectroscopes. 

The observation (d) is made by removing the bolometer to 
occupy the position usually occupied by the slit of the usual spectro 
scope. When transmitted by both spectroscopes, the beam 
becomes nearly monochromatic, but its intensity should be observed 
by measuring the area included in a bolograph taken by moving 
this monochromatic image over the bolometer, not (as stated at 
p. 51 of the Annals) by observing the maximum deflection pro- 
duced by the monochromatic image. Under certain circumstances, 
however, the areas and the maximum deflections are nearly pro- 
portional. In all the earliest observations at Washington this 
seemed to be the case, and also at Mount Wilson in 1905-1906. 
Though we registered the type (e) bolographs in 1905-1906 at 
Mount Wilson, we generally measured merely the maximum 
ordinates in the reductions as published at pp. 51 and 105 of Annals, 
Vol. II. In order to see what errors may have resulted, the areas 
have lately been measured for all the determinations given in the 
Annals. They prove to be so nearly proportional to the maximum 
deflections that no error as great as the uncertainty of measurement 
is found to be indicated. In the year 1908 several determinations 
were made with another prism of different dispersion in use in the 
auxiliary spectroscope, and unfortunately the areas were not even 
observed. As some determinations made with still another prism, 
in 1909, which were reduced by both methods, indicate large 
errors in the deflection method, it is thought best to reject entirely 
all the determinations (those of 1908) in which the areas are not 
available. 
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In order to make the several determinations comparable, they 
are first reduced from the prismatic to the normal, or wave-length 
scale. In order to do this the deviation of the prism is platted 
against the corresponding wave-length, and the tangents to the 
resulting curve are determined at the various prismatic deviations. 
In order to reduce the several determinations to comparable inten- 
sity-scales, a multiplying factor for correcting each curve has 
been determined, in such a manner as to make all the curves 
agree as well as possible between wave-lengths 0.5 » and 1.2 ». 
For the sake of brevity not all the determinations are here given 
separately, but all determinations made with the same arrange- 
ment of apparatus, and on the same approximate date, are com- 
bined, and the mean of several such determinations is here used. 
It should be remarked that the Mount Whitney determinations 
of 1909 depend on spectroscopic transmission factors determined 
at Mount Wilson in 1g09, and the Mount Whitney determinations 
of 1910 similarly depend on Mount Wilson spectroscopic factors of 
1910. Apart from this dependency, all determinations here given 
are wholly independent. 

The accuracy of the determinations at Mount Wilson in 1905 
and 1906 is prejudiced by the fact that the scale of the galvanom- 
eter had not at that time been investigated. But in the mean 
of so many determinations as are included in the 1905-1906 group, 
a great many different parts of the galvanometer scale were used, 
and it is probable that the scale-error is principally eliminated 
except in the ultra-violet, where the deflections were all near zero 
of the scale, and disproportionately large. This part of those 
curves is rejected in deriving the mean values in the following 
discussion. The galvanometer scale was strictly uniform in all 
the subsequent measurements, excepting those on Mount Whitney 
in 1910. The deviation from uniformity for the 1910 Mount 
Whitney measurements was investigated and found negligible 
in comparison with other sources of error. 

In all the determinations the accuracy falls off rapidly in the 
ultra-violet spectrum. With the flint-glass prism the dispersion 
is so great, and the deflections and areas recorded in determining 
spectroscopic transmission consequently so small, that such 
values have not been used in fixing the mean value to be given 
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for wave-lengths less than 0.42 #. Only one complete determina- 
tion has been made thus far with the ultra-violet prism. Although 
it is somewhat abnormal it is not rejected. Determinations 
made with the quartz prism have fair weight to about wave- 
length 0.37 #. Beyond this they depend upon more and more 
doubtful data for the transmission of the spectroscope; and 
beyond wave-length 0.35 # they depend wholly on extrapolation 
for this quantity. 

Table II is a summary of the results. It should be considered 
in connection with the table given above. In the first column are 
wave-lengths, next mean intensities in the solar spectrum outside 
the atmosphere (in arbitrary units), and in the remaining columns 
the departures from the mean intensity in percentages for the 
average curves determined on the dates given at the bottom of 
the table. 

I do not venture to decide whether the departures from the mean 
may be attributed in part to real changes in the distribution of 
energy in the solar spectrum, or are altogether the results of error 
in the difficult determination of spectroscopic transmission. The 
argument on that subject remains as yet where it was left by 
Abbot and Fowle.' It is very pleasing to note that the mean 
Washington, Mount Wilson, and Mount Whitney determinations 
agree with one another as well as the separate determinations at 
the three places agree each with each. 

For the sake of those who may desire to compute the distribu- 
tion of energy in the solar spectrum at the earth’s surface, I give 
also the transmission of the atmosphere at various wave-lengths. 
The values represent the fraction of the*intensity of the solar 
beam outside the atmosphere which would remain in a direct 
beam transmitted vertically to the earth’s surface. Average 
values for cloudless (but not necessarily hazeless days) are given. 
as they have been found at Washington, Mount Wilson,? and 
Mount Whitney, for the various wave-lengths. To compute the 


* Astrophysical Journal, 29, 287, 1909. 

2 For the reason stated in this Journal, 33, 193, t911, the Mount Wilson trans- 
mission coefficients published in Vol. II of the Annals of the Astrophysical Observatory 
are about 1.4 per cent too low. 








‘br ‘fx ‘er ysnBny ‘o161 ‘{f saquiaqdag ‘6061 ‘AauzIg Ay yuNOP :uIstid zyeN~ :o1 ‘6 
‘rf Atnf ‘or6r for ‘6 ysnBny ‘Le ‘gz ‘zz Ainf ‘6 ‘g Ain ‘6061 ‘uosyiy qunoy_ :uistid zjzrwNd) :g ‘2 ‘9 ‘S 
"Er ‘Ir ysnIny ‘6o6r ‘uosyiyy JuNO;_ :ustd ssez “A ‘pH :P 
*L Atnf ‘6z sunf ‘6061 ‘uosy14y qunop_ ‘{9061-So61 ‘uosyi 4 Juno ‘for ‘uoWuryseyy ‘:wistid ssvjys yu :f ‘2 ‘1 











SP $Z |(‘o0oi—) ('o$+) (z1) -* -@0°S 
Qt v1 £6 — ol+ |(‘So—)o'L — 264+ 24°97 + + 7 oS *z 
v'z 8° 6z — II— f1+ o1+ ¢°¢ + ° 6° + vo+ F'6 + Sz "* 60" 
vr z‘s$ “Sr— r't + Iz—vo+i1% — So + |66+4 9°24 g'o + gz og! 
L‘o 6°z r+ rr1+ije8 — 21+ 1'0 — $7 — gz¢+ j(/oL+ 2414+ 64 — L6g of "1 
Lo Avs vo, Lt — “ 9% — 83 — | or — | 09 + O'I+ HH + bogI 00°! 
s*y 9°? 6g — 3°R = 6$ — es? — ¢'? — yS + | lo + go+ cv + zloz og*o 
bo ‘is See 8 + 163 + OF — OF + OT + ° 1 2°s — 1°O— PY — oSgf ol‘o 
S s‘s I'g ri+ vp6+ioge+e 024+ 624+ 72 4+ or— | ‘vi— ¢'S— II— ARE eS ee. 09°00 
x Ss v'g 6°0 + ‘m+ | h6O+ 224+ S'g+os + zi—_ | ‘St— gel— zl — ae ee SS-o 
x4 6°1 gil zo + ‘cit [oS 4t+rL +664 S°F + ‘fr— | ‘Lr— g'l— f'o 4+ ie ae oS "0 
= g'I ol | rz + ‘t7r1+ | 61+ eS +924 67 4 ‘c7I— ‘QI— zze— L'¥ — €Sz9g Lv'o 
a vr i ri1—- gl+i/i¢S$ +S + ¥'9 4+ 0'0 + Lg — ‘Sr— rit Lt — Se a Se ee Sto 
~ 4°23 ¢9 re + ‘rritoprms+er4+rf 4+ Sb — ‘OI—_—s||s “*gI— ¥'Q+ Hz + oes £v'o 
Ss es o's co+ SL+j;evr&E+ ert eet SS L'y — ‘L1— 6°'9+ o'o + 19z$ -* ar’ 
£°4 °'9 6*r1 — olf |}go— 19 — tt — “ZI— *Sr+ 9°O — ee 978 ese Vee 6£°0 
Ls °0'6 61 -—- of + )/Qq%7 — 6 — HH — I1I— | ‘6z+ bore dihikdk 
cs fz ‘or+ o1i+ | ‘er— zze— ‘Li— ‘of— | *rS4 oolz bane?» StF 
‘of 19 9g+ Lo+ | 1f— Sgz1 hoes | 
_ _ (ov?) of'o 

aoaay ta ‘a ? . ; . : | ; : : : ALISNALN] 
= |-—_—_ ee 


eNVAJU NOMA SNOILVIAA( AOVINAOMAG ‘SNOILVNINUALAG dO SdNOat) IVAGCIAIGNT 


SNOLLVNINUALA(] WAALOAdUS-ADAINY AVIOS 
Il ATAVL 


a 
.°) 
a 








SUN’S ENERGY-SPECTRUM 203 


transmission for other than zero zenith distances, the coefficients 
here given must be raised to a power equal to the secant of the 
zenith distance. This does not hold closely for zenith distances 
above 75°. 

TABLE III 


| MEAN COEFFICIENTS OF ATMOSPHERIC TRANSMISSION 





Wave-LENGcTH 








Washington 1902-1907 | Mt. Wilson 1909-1910 | Mt. Whitney 1909-1910 
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Se re re ere °.612 0.660 
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OMe din cccentene 0.640 0.800 0.851 
is 60% wa even owen 0.671 0.827 0. 880 
Oi ks vices iddeintee 0.705 0.858 ©.g00 
Ditiice via ks amen 0.739 0.876 0.918 
Es wire’ a sues aan 0°. 760 0.890 0.934 
kg Giwids Gia en 0.839 ©.942 0.956 
eer 0.865 0.964 ©.972 
eee ©.901 0.973 0.980 
ON eC cik ne ie ei °.916 0.972 ©.980 
Ce MR Sena sa ©.930 0.975 0.978 
2.00. 0.909 0.957 0.940 
Se cidade 0.870 (0.900) 0.930 
OO 6c ciciccesteeay Gee” ee eee 0.910 


THE EFFECTIVE TEMPERATURE OF THE SUN’S RADIATING LAYER 


It has been stated very pertinently* that we cannot express 
solar temperatures either on the thermodynamic scale or on that 
of the gas thermometer, because no experiments have been made 
to fix these scales in the range of temperatures prevailing on the 
sun. All that we know, which is available, is that certain radiation 
formulae, in which the temperature enters, agree very well with 
observations on the radiation of the perfect radiator, or so-called 
“black body,” when the gas-thermometer temperatures are intro- 
duced. But this verification of these formulae extends only to 
about 1800° of the absolute Centigrade scale, whereas the solar 
temperatures seem to be of the order of 6000° or more. We can 
only compare the solar radiation with that of the perfect radiator, 


* Astrophysical Journal, 19, 35, 1904. 
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as computed by these formulae, and thus determine the tempera- 
ture which a “black body” would be assumed to have when its 
radiation would approximate to that of the sun. 

There is another kind of uncertainty in the discussion of the 
solar temperature. We are not sure that the source of radiation 
is at the same temperature at the center of the sun’s visible disk 
that it is at the limb, nor that it is the same at a given place on the 
disk for rays of different wave-lengths. I am of the opinion that 
the scattering of rays by the molecules of gas in the outer parts of 
the sun is what limits our depth of view, and that there is no 
cloudy photosphere. If this is so, we look deeper, and hence to 
hotter layers, when we view the center of the sun’s disk at right 
angles, than we do when we view the limb; and as molecular 
scattering is far greater for violet than for red rays, the violet 
rays which we receive must come from more superficial, and hence 
cooler, layers, on the whole, than the red ones.’ 

The effect of these two influences on the form of the sun’s 
energy-spectrum-curve may be considerable, and may tend to 
mislead us greatly as to the probable solar temperature. The 
first of the two influences considered is the less important, for it 
leads to no great distortion of the energy-curve, but merely to 
altering it to correspond approximately to a lower temperature 
than that which prevails at the deepest layers seen at the center of 
the visible disk. Much more misleading is the second influence 
suggested, for it tends to distort the curve so as not to correspond 
to any “black-body”’ temperature at all. Considering merely the 
radiation from the center of the sun’s disk, rays of successive 
wave-lengths (passing from the infra-red toward the ultra-violet) 
are propagated to us from layers of lower and lower average tem- 
perature. Whereas the total radiation of a “black body” varies 
as the fourth power of its temperature, the radiation of the shorter 
wave-lengths varies as higher powers of the temperature than the 
fourth, even to the tenth, and still higher powers, as the wave- 
length decreases beyond that of maximum radiation. Hence, 
it will be expected: (1) that the solar energy-curve will rise less 
rapidly from the infra-red side toward the maximum than would 


* This idea I have elaborated in a book entitled The Sun, now in press. 
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the energy-spectrum-curve of a “black body”’ of the temperature 
at which the infra-red rays are prevailingly emitted; (2) that the 
maximum of solar energy will be shifted toward longer wave- 
lengths than it would occupy if the distortion did not exist; (3) 
that in the ultra-violet the solar energy-spectrum will fall off 
far more rapidly than that of a “‘ black body”’ generally correspond- 
ing in spectral distribution to the solar curve for greater wave- 
lengths; and (4) that any estimate we may make as to the effective 
radiating temperature of the sun, based on a simple consideration 
of the form of its spectral energy-curve, will be too low. 

There is another influence tending powerfully to alter the form 
of the sun’s energy-spectrum-curve, namely the selective absorp- 
tion in the Fraunhofer lines, by virtue of which the rays which are 
emitted from that average depth below the solar surface at which 
the continuous spectrum originates, are cut off by absorption in 
these wave-lengths, and in their places we see only the rays emitted 
from relatively superficial, and therefore cooler layers. The 
Fraunhofer lines become so excessively numerous in the violet 
and ultra-violet solar spectrum that their presence profoundly 
diminishes the intensity of the sun’s energy-spectrum-curve in 
that spectral region, and thus conspires to magnify the spectral 
distortion and the underestimation of solar temperatures we have 
already discussed. 

It seems to me, in consideration of these tendencies, that the 
process to which Goldhammer has given preference," and which 
is akin essentially to that of Wilsing and Scheiner,? is ill-adapted 
to give a trustworthy estimate of solar temperatures. It gives? 
for the sun temperatures of the order of only 4000°, when applied 
in the infra-red spectral region, where, as I believe, the temperature 
is really the highest of all. The diagram shows a comparison 
between the form of the solar energy-spectrum-curve and those of 
“black-body”’ curves at 6200° and 7o000° absolute Centigrade, 
respectively.. The solar curve is tepeated to match each curve 

* Annalen der Physik (4), 25, 905-920, 1908. 

2 Publicationen des Astrophysikalischen Observatoriums cu Potsdam, Bd. XIX, 
No. 56, 1909. 


3 Astrophysical Journal, 29, 282, 1909. See also my book The Sun above men- 
tioned. 
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as well as possible in the region A=o.5 # toA=1.2. The longer 
wave-lengths are repeated on an enlarged scale. 

If we take the Wien displacement formula, Ama,7’= 2930, and 
the wave-length of maximum energy as 0.470 #, the effective solar 
temperature.comes out 6230° absolute Centigrade. 

If we take the Stefan formula for total radiation: E=76.8 
x107'? T4; the solar radius as 696,000 km; the mean radius of 
the earth’s orbit as 149,560,000 km; and the solar constant as 
t.g22 calories per square centimeter per minute; the effective 
solar temperature comes out 5830° absolute Centigrade. This 
last method of computing the solar temperature would perhaps 
be the best if we could only form some independent estimate of 
the emissive power of the sun’s effective radiating layers. As 
we are inclined to think that the methods based on the form of 
the sun’s spectrum-energy-curve must necessarily give too low 
temperature values, and as we find that the method based on total 
radiation gives still lower ones, it appears that the emissive power 
of the sun must fall decidedly below that of the perfect radiator. 

In view of all this we can only conclude that the sun’s effective 
radiating layer is roughly comparable with a “‘black body” at 
6000° absolute Centigrade, but that the prevailing solar radiating 
temperatures greatly exceed 6000°, and may even exceed 7000° 
absolute Centigrade. 

SUMMARY 


Spectro-bolometric observations extending from the year 1903 to 
1910 at Washington, Mount Wilson, and Mount Whitney (altitudes 
10, 1750, and 4420 meters, respectively) made with various optical 
systems, including flint glass, ultra-violet crown glass, and quartz 
prisms, with mirrors sometimes of silvered glass, sometimes of mag- 
nalium, have been used to determine the distribution of energy in 
the solar spectrum outside the atmosphere. The results do not seem 
to depend on the altitude of the observing station, but, especially 
in the ultra-violet, seem to depend somewhat on the character of 
the spectroscope employed. It is thought that in the ultra-violet 
spectrum beyond wave-length o. 40 +» little weight should be given 
to the results obtained thus far with glass prism spectroscopes.* 


' Better results are expected this summer. 
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In the ultra-violet region the results here given are obtained with 
a quartz-magnalium spectroscope. 

For the adopted mean normal spectrum-energy-curve the 
maximum of energy falls at wave-length 0.470 u. 

The intensities at various wave-lengths are as follows: 


: | | om a | Mw rm mn mn m m rm mn mn m “ 
Wave-Length | 0.30/ 0.35 |0.40/0.45|0.47/|0.50/0.60/0.80/ 1.0 / 1.3 | 1.6 | 2.0] 2.5 | 3.0 
| | | 

















Intensity. . . | 440) 2700/4345 6047/6253 6064/5047/2672\1664) 897) 526) 245) 43 | 12 

For additional wave-lengths see the preceding table. 

The mean coefficients of atmospheric transmission for vertical 
rays are given as determined at Washington, Mount Wilson, and 
Mount Whitney. Coefficients for various wave-lengths are as 
follows: 








mh a Aa a A A we a ua a | -» 
Wave-Length ©.35 |0.40|0.45 0.50 0.60 0.70 0.80/0.90 1.00 1.50} 2.00 
Transmission ..|Washington ©.543 0.640 0.705 0.760 0.839 0.865 0.886 0. gor 0.922 0.909 
Mt. Wilson (0.612 .0.724'0.800 0.858 0.890 ©.942 0.964 0.968 0.073 0.974'0.957 


Coefficient .. . .|Mt. Whitney [0.660 0.783'0.815 0.900 0.934 0.956 0.972 0.979 0.980 0.980/0.940 
} 





These are smooth-curve values, and do not take account of 
powerful selective absorption in water-vapor bands. For additional 
wave-lengths see preceding table. 

The form of the spectrum-energy-curve at the earth’s surface 
(not allowing for water-vapor or oxygen bands) may be obtained 
by multiplying the extra-atmospheric intensities by the corre- 
sponding coefficients of atmospheric transmission raised to powers 
whose exponents are the solar zenith distances. 

The temperature of the sun is discussed, and attention is drawn 
to certain influences which probably tend to distort the sun’s 
spectral energy-curve, and thereby to incline us to set too low 
values for the probable temperatures prevailing in the sun’s radiat- 
ing layers. The conclusion is drawn from the observations cited 
that the sun’s emission approximates roughly to that of a “ black- 
body” at 6000° absolute Centigrade, but that on account of influ- 
ences probably active, we ought to assign a solar radiating tem- 
perature of the order of 7000° absolute Centigrade. 
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THE ZEEMAN EFFECT FOR VANADIUM" 
By HAROLD D. BABCOCK 


On account of the importance of vanadium in the study of 
magnetic fields in sun-spots, the following material is presented 
now. It is preliminary to a fuiler discussion of the subject which 
must be deferred for a period. 

The apparatus employed and the manner of taking the photo- 
graphs have been described in a preceding paper.2 The field- 
strengths employed for different plates ranged from 17,500° to 
19,800 gausses. For nearly all of the plates lumps of pure vana- 
dium were used as spark terminals, but two photographs were 
taken with pieces of ferro-vanadium supposed to contain ten per 
cent of the metal. This substance in the spark yields the vanadium 
lines in abundance, as well as the stronger iron lines. 

In Table I are given the results obtained from all the plates 
taken up to this time. From A 5500 to A 6600 the number of plates 
upon which the results depend is relatively greater than for the 
remainder of the spectrum. The wave-lengths employed are 
those of Hasselberg’ and of Shaw,‘ except for a very few lines given 
only by Exner and Haschek.’ The wave-lengths taken from 
Shaw’s paper are on the Rowland system. 

The second column of the table gives the total number of com- 
ponents into which the line appears separated when viewed at 
right angles to the magnetic field. The number 1, which is occa- 
sionally found in this column, indicates that the line is undivided 
by the field. The letter C, with or without a number, is used here 


* Contributions from the Mount Wilson Solar Observatory, No. 55. 

2 Contributions from the Mount Wilson Solar Observatory, No. 52; Astrophysical 
Journal, 33, 217, 191t. 

3B. Hasselberg, “Die Spectra der Metalle im electrischen Flammenbogen,”’ 
Kongl. Svenska Vetenkaps-Akademiens Handlingar, Bandet 32, No. 2. 

4H. Shaw, “The Arc Spectrum of Vanadium,” Astrophysical Journal, 30, 127, 
1909. 

5 Wellenlangen Tabellen der Funkenspectren der Elemente, Leipzig and Vienna, 
1902. 
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as an abbreviation for complex, and signifies that higher resolving 
power is required for the complete analysis of the components. 
If a number accompanies the lettér it indicates how many groups 
of components were observed. Measures given for such lines 
refer to the average separations of the groups of components 
unless otherwise noted in the remarks. 

The third and fourth columns show the separations in Ang- 
stréms for the n- and p-components, respectively, for a field-strength 
of 20,000 gausses, while the fifth and sixth columns contain for 
the same field the corresponding values.of AA - 108/A?. 

In some cases it was impossible to measure both members of a 
pair of components on account of blending with neighboring lines. 
For such the component clearly shown was referred to the normal 
position of the line, and the measured difference doubled. 

In the ‘‘Remarks”’ column numbers are used to express the 
relative intensities of the components of a group in case they 
differ. The relative position of the numbers corresponds to that 
of the components when viewed with longer wave-lengths on the 
right. Thus m 2:1 means that of the two m-components of a line 
the one on the violet side is twice as intense as the other. No 
attempt is made to compare the intensities of m-components with 
those of p-components. In this column E means that the line 
is given in Lockyer’s list of enhanced lines; —-r means not resolved; 
w with a subscript means widened, the magnitude of the subscript 
indicating the amount of widening; w, represents the greatest 
widening observed. 

As regards types of separation, vanadium is simpler than 
chromium. It has very few cases of asymmetry and compara- 
tively few lines of more than four components. The largest num- 
ber of components observed for one line is 12, for A 6119.74. The 
one line having ten components is 4 6081.66. There are twenty 
lines having six components, two each of five, seven, and eight, 
and eight undivided lines. In addition to these there are 46 
quadruple, 349 triple lines, and some whose classification is uncer- 
tain. 

The average value of AA - 10°/A? for all the triplets is 2.20, 
the extremes being 0.71 and 6.01. For those triplets which lie 
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TABLE I 
SEPARATION OF VANADIUM LINES IN MAGNETIC FIELD 


AA 














, a ye tO 
| r 20,000 | 
a | eh Remarks 
eer" ‘ite 
3865.02 32] 0.279 ; 1.87 | .... | pnot observed 
3867.00 3 S| Ob eae 2.62 | E 
3867.77 3 O.357 | coves 2.39 | 
3871.23 3 ole | stan 2.18 | 
3873.80 se ae | Sees << | 
3875.22 | 3 O.888 1 Zeaxcs 2.20 | 
3876.05 6? | 0.440 | ...+. ee See p-components uncertain 
3876.21 | 4 |: 0.314 | 0.173 2.09 | 1.15 | . 
3878.90 | 3 ee ee 60 4 S35 ee 
rae See ee 
pS a ee eee Seen eed | 
3885.00} 4 0.240 0.243 1.59 | 1.61 | E 
3886.72 | 3 O98 F  éxass ae eee 
3800.33 | 4 | 0.204 | 0.244 | 1.94 | 1.64 
3893.03 | 3 | 0.420 | ..... See gee 
3896. 29 | I eR ee Pine, Meee 
3897.22 3 S.000 4. otis 2.04 | 
3898.15 = | Gee's "seme 1.38 | .... 
3899. 30 3 | 0.088 | ..... |} B.8g } cose E 
3900. 33 “ere ae See i A56 Senos Too weak to measure 
3901 . 30 * ) Gab ft éce 2.10 | .... | p-component not sharp 
3902.40 & 2 GMS backs SS ee errr 
genn.48 1 3 OO Poise 2 ees 
3906.89 a G.408 $ isxss | = ier 
3910.01 13 | rip Ls | ai En Double line -r 
3910.95 4 | 0.315 0.116 | 2.06 | 0.76 | 
3912.36 4 | oe oe ats edt sane N 1:2:1; 1 p-component 
3913.03 3 | 0.379 | .---- Et ee 
3014.44 s | Bees. aes | 1.56 cance E 
3916.55 = | See ies | 1.63 Sears E; p-component w; 
3920.15 6 | Bae f-s53 2.66 pao n-components of this line 
| and the following 
| blended and measured 
| together 
3920.65 | 4 | 0.408 | 0.161 2.66 | 1.05 | 
. | (0.484) (3.15 
3922.05 | 6 12 0.186 § °.160 Ee 1.04 | 
3922.58 3 S208. Pies 2.44 
3924.84 | 3 | J 2 aoe 2.19 
3930.19 | 3 Giese ft sskse I.Q1 
3931.50 | 3 a eres * 
3034.16 | 3 ae 1 S560 | 2.§% | Measured normal and red 
| component 
3935.28 | 3 arere | 1.20 | 
3930.42 3 O.S7H | ovces 3-74 p-component w;; very 
weak 
3937.68 3 a. 7S ae ore | 2.99 
3038.35 3 ives 1.88 
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TABLE I—Continued i 
— — — _ ———— = i! 
AA 
aA a 108 
A tae ca tear acauins for 20,000 Gausses —s f 
n p n | p 
oS 3a a | ee eo 2.86 we p-component w, diffuse 
—ee.wet 6 68 '| @.468 1 ..... “ee hee p-component w, diffuse i 
3943-77 | 3 ee ova |” 
3950.37 | 3 -* 2 aa 1.80 | 
3952.09 | 3 Sl 2.22 | E; fringed to red 
3963.77 3 i a ae 1.73 | Very difficult 
3968.24 I eee Ve a 
3973-79 3 0.253 | «+--+. 7 Fk eee E 
3979.39 | 3 ee eee 2.18 | 
3979.59 3 are r.72 | 
3980.66 | 3 et ee 56 1 ... 
kD ae ©. 240 tout on Sa n-components too weak ? 
to measure t 
ae. 2.1: B38 -] ...s. 1.86 | see. ? 
3988.97 | 4 | .«.--- | ©.210 ae a n-components too weak 
to measure 
Se ae 1.66 
3992.95 3 | 0.307 - @ ae | 
ree. - - C40 | ..... 1.86 | .... E 
3998.87 | 3 S  aereee rer 
3999-39 | 3 - 3 aeeee St E 
(0.438 / » |§ 2-730] A 
4003.10 | 6 pag 0. 367 0.465) 2.20 
4005 . 86 3 SS eee oe eee E 
4017.00 3 = 2 ee eee E 
4023.50 3 errr 1.92 | E 
4031.37 4 it ae 2.43 i 2 p-components too weak 
to measure 
4031.98 3 So all rer rae 2.03 | 
4035.77 3 a er a ae E 9 
4036.93 4 0.373 ©.242 2.29 | 1.48 n-components; Ww, not 
sharp 
4042.78 3 Se Bere 1.76 | p-component w, 
4048.77 3 = 2 aeeere a eee Red component wider 
than violet 
4051.11 3 SS a oe “eS aor Measured normal and 
violet component 
4051.48 3 0.391 2.38 | Measured normal and 
red component 
4053.80 | 3 Se ee 1.84 E; not sharp 
4057.21 | 3 SS |S are 1.84 
4064.09 3 eee 8 ksess 5.22 
4065.20; 3 a. ee os E; p-component wy 
4067.90 | 3 Oiler 1. sss 2.05 | Difficult; p-component w, 
4071.67 | 3 a 2 ae 1.92 p-component wy, 
4090.70 | 3 SS & eeore 2.10 | ces: 
4092.09 | 4 0.270 ©. 283 1.61 | 1.69 n1:2 
4092.54 | 3 a Ee eee i, ne Components _ shifted 3 
0.048 A to red; wa, 
4092.83 3 a ares a ere 
4093.65 | 4 0.429 0.414 2.56 | 2.49 
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TABLE I—Continued 








AA 
for 20 etm Siatians ae dl 
- ’ 
A eae aq for ea Remarks 
n p n p 
4094.42 3 O.3746. | ove 2.23 | | Difficult; components wy, 
4095.64 3 C.206 4 seks 1.97 me 
4097 .09 SSE es 0.191 .... | 1.14 | m-components not meas- 
|  urable 
4098.54 Bee Sciex: ©. 396 | 2.36 | m-components not meas- 
urable 
4099 .93 3 0.454 | «+... 2.70 | 
4102.32 3 @.008 1 vee 1.63 | 
4104.55 3 O.486° 1 «oss 2.49 | 
4104.92 3 ay ie ores 2.58 | | Measured normal and 
| violet component 
4105.32 Oe f serie 2.77 hie de 
4107.64 OU i. xyes 0.442 es 2.62 | m-components not meas- 
urable 
4108 . 36 3 ee ores 1.40 | 
- ‘ 
sro9.94| 6 [JO 79{| 0.227 [pS ors] 134 | 
4111.92 3 @.4079 | sadee 2.76 
4112.47 3 ae eee 2.04 | Measured normal and 
red component 
4113.65 3 > ae errr 2.14 | Wi 
4115.32 3 SS ore 2.89 
4116.64 5 wag Pont oa | See description in text 
4118.34 3 ae 8 Sass 2.14 | -+ | Wx; measured normal 
| and violet component 
4118.73 4 0.425 o.182 2.51 1.07 | Diffuse; measured nor- 
| mal and red component 
4119.58 4 ©. 396 242 2.33 1.43 | Components w,; not sharp 
4120.69 6 le {| 0-334 } a Bk ¢ | 1.97 | Weak; not sharp 
4123.65 6 fo S10} 245 $4.70} | 1.44 | Outer  m-components 
(0.345) 2.03 ) | lightly fringed outside 
4124.23 4 0.354 182 2.08 | 1.07 | gauy 8 
4128.25 3 SS ae ere Od. «ste 
4129.00 3 0.149 0.87 Not sharp 
4132.13 3 a ere 2.75 
4133.92 3 0.483 2.83 
4134.61 3 OOF. § cscs 2.75 saeer 
4136.25 4 0. 346 0.165 2.02 0.96 | 
4139.39 3 0.408 | ..... 8.98 | ees | 
4149.02 3 O28 tf. steve 2.08 | 
4150.84 3 Sa ere 1.94 | 
4159.84 SD «saad Cewees ewe — w;; not sharp 
4171.45 | 4 0.419 0.152 2.41 0.87 | 
4174.18 3 Se ieee 2.20 era 
4177.25 3 ete 2.64 Very difficult; w. 
4178.50 3 ©. 306 a r.7s ... | Ej; wa; not sharp 
4179.53 4 ~oe 0.520 ee 3.03 n-components not meas- 





urable; p-components 
fringed inside 
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TABLE I—Continued 








AA —¢ 10° 
» a. for 20,000 Gausses for 20,000 Gausses a ¢ 
n p n | p 
4182.23 3 0.310 Ba here 1.77 | 
4182.74 Ve TS Cae Bae eer iia. Bs | W;; not sharp 
4183.59 3 a ae ef oe E 
4191.70 | 4 tap and as Ped vee | M 322235 1 p-component 
4197-77 | 3 3 ere 1.93 | 
4202.52 3 0.395 | 2.9% | E; w: 
4204.67 4 2 ae Pe kee Weak, not sharp, w. 
4205.23 3 ©. 332 r.88 | .... E 
4209.98 4 0.480 O08 fF ees p-components not meas- 
urable; w;; not sharp 
4224.30 3 Pree “8 “dence 2.81 | % 
4225.40 3 S< 2a eT oe ere E 
4220.7 0.540 BoGe Fo wees Weak; measured normal 
| and violet component 
4227.90 3 0.334 | - 1.87 
4232.20 3 oe ae 2.52 E 
4232.62 3 Sag irre 2.98 
4233.09 3 7G ee 2.32 
4234.12 3 SS Serres 2.01 — 
4234.70 4 0.328 0.185 1.83 1.03 Not sharp 
4235.90 | 3 2 oe 0.71 Moree 
4243.10 | 3 0.326 1.81 E; not sharp 
4247.46 3 eo a eee 2.60 p-component w, 
4254-55 | 3 0.435 | 2.40 
4257-53 F 3 0.510 | 2.85 
4259.46 3 ©.416 2.29 
4262.32 3 re © axes 2.94 
4265.28 3 ers: 2.17 * 
4267.50 3 a ares 2.8 Le 
4268.78 3 SS St ee 2.27 * 
4269.92 3?| 0.670 3.68 p-component w; 
4270.49 | 3 0.447 | 2.45 
4271.71 3 0.384 | 2.10 
4277.12 3 0.330 | 1.80 
4284.19 3 0.238 | 1.30 ; 
4286.57 3 0.520 i? eee Difficult 
4287.97 3 0.385 2.10 
4289 . 89 3 0.572 | 3.11 Pies p-component diffuse 
4291.97 3 0.381 ae 2.07 
4296.28 3 0.354 | ----- 1.92 
4297 . 86 3 0.329 | 1.78 hove’ 
4298.17 3 0.298 | p.6r | ..-- p-component wz, 
4302.30 3 0.329 1.78 
4305.63 “ek ee 2.22 
4300.35 ie EL eee 2.82 ae 
4307 . 33 SoS ae 2.81 Pease w.2; diffuse 
4309.95 | 3 | 0.517 | ..... 2.78 & 
4330.18 3 | 0.143 gre 0.76 | 
ens BS 4 @.ae6 |}... 1.88 | 
3 SO Ee ae 2.28 


4341.15 








THE ZEEMAN EFFECT FOR VANADIUM 215 


TABLE I—Continued 


























SA | =a + 10% ‘ 
4 : for 20,000 Ga | 
* A: ; ts: — | for 20,000 Gausses acini 
n , 1 ae 
4343-00] 3 | 0.325 | ..... . ; 
4340.59 3 OMe ag wegeese ee 5.62 | p-component diffuse; 
difficult 
4353-02 | 3 ee SS ert 2.48 
4355-09 | 3 0.303 | ----- 2.07 | 
4350.10 | 3 0.613 | ..--- 3-23 | p-component wy; 
4363.69 3 = weer 2.94 
4394.37 | 3 a ere 1.00 | 
4368.25 | 3 Ye eee |} 2.94 | p-component wy; 
4368.7 | 3 Cee Soces 1.87 
4 4373-40 | 3 OO. Ff ‘acter 2.08 | 
4373-99 | 3 0.396 | ..... | 2.07 | «... | 
4375-47 | 3 budee |. asec 2.02 | .... | m-component w, 
4379-38 | 3 | 0.449 | ...-. 2.34 | | Very strong, w; 
4380.69 3 C087 1. cesses 2.38 | | Measured normal and 
violet component 
4384.87 3 e604 Sines | 2.23 
4390.13 3 Oee 2s erat | 2.50 | | Very strong, ws; 
4392.24 3 0.636 3-30 [ese eee 
4394.01 *. © A 8 pa tns | 1.80 | Wa 
4395.40 3C | Oe fincas | 2.05 pe. 
4399.63 3 O28. 7 vavex 1.60 | | Difficult; p-component w, 
4400.74 5 } 0.785 } 0.409 } 4:05 {| 2.11 | m1:3:1 
A. > |720.000$ ; | 10.00 5 ; — 
4403.86 3 | 0-453 | «+++: | 2.34 : 
4400 . 30 3 “Ss 9 Pee | 2.04 ee p-component diffuse 
4406 .80 efi @.409 | -.cce | 2.9 ae 2 strong p-components -r 
4407.85 4 | 0.573 0.228 | 3.09 1.17 | Wa; not well resolved 
¢- 4408 . 36 4 | es 0.329 | .--. 1.69 | m-components blended 
| | with near-by lines; 
| very strong, Wa 
” { 0.676 ? | 14 3.48) | m@ 1:2:2:1; m-compo- 
4498.67 ° 120.309§| °° 47% |? 1.595 2-42 | nents shifted 0.09 
| tored; w. 
4412.30 S20 Re | acess | §.40 --+-+ | p-components wW;; not 
| sharp 
|} 1.110} | | § 5-69? | oseans 
4416.63 6 120.223 5 ©.439 Ur.1g 5 2.25 | # 238558 
4420.08 | 3 | Ss aor: | 3-27 
4421.73 | 3C| 0.894 | ..... 4-57 
4423.32) 3 | “Ee eee | 2.09 ...» | Probably double line; 
| | components blended; 
| difficult 
4423.41 Bee gveces Ser ore & | vee .... | See preceding line 
4424.74 SZ 1 @.376 4 s<cis r.9r |... | Very weak 
4425.86 BP] cases Beer ae sree | 
‘ 4426.17 3 O.909 | sSuus 3-72 eee | p-component w, 
4428.68 & | Ga: 4. neces 3-45 | sees | 
4429.95 3 | SS a a 3.34 ‘ear p-component w.; not 





sharp 
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TABLE I—Continued 
AA 
aA a. * ro® 
A | Com- | for 20,000 Gausses for 20,000 Gausses 
ponents | 
n r n r 
4430.68 | 3 | ©.goo 4.58 
4434.80 | 3 | 0.425 2.16 
| § 1.029 } | {5.23 / 
4436.31 | 6 |) 0.682 5 | 0.189 ) 3.4751 0.96 
4438.02 | 3?| 0.504 | ..... 3.02 4 
4441.88 ae | o 641 0. 206 3.25 1.04 
4443.52; 3 0.367 1.86 i 
4444.40! 4 | 0.768 | ©. 282 3.89 1.43 
4449.77 3 | 9-355 | 1.79 ees 
4451.09 3 | 0.367 | 1.85 
4452.19 | 3 | ©.390 2.01 | 
©.440 ) | {2.22)] 

e | ? | 4 ‘ 
457-65] 871) 0.7075, 1.905 
4457.97 | 3 | 0.365 | 1.84 | 

| 
4459-93 | 3 | 0.374 1.88 
4400.46 | 3 0.459 | 2.31 
4462.56 |} 3 0.373 | 1.87 
4468.19 3 SS Sree 2.63 
4469 . 88 3 0. 369 1.85 
4474.21 3 0.427 | 2.13 
4474.89 3 | ©.301 | vs 1.95 vs 
4480.20 4 ©.405 0.240 2.02 1.20 
4489 .06 3 0.375 pan 1.86 
4499.95 | 3 0.470 2.30 
4496. 26 | $ no £2 1.94 
4502.12 | 3 | 0.425 ee 2.10 
4509.49 Sen Sitve. 0.450 2.21 
4513.79 | 3 0.479 | «..--. -31 
4514.36 3 0.330 | ...-- -65 
4520.67 4?) Pi ses ©.247 ve 1.21 
4524.38 3 | 0.440 | ..... 2.15 | 
. |§ 0.785) (3.84) 
4525.31 5 10.377 § (1.845 
4528.16 3 | 0.458 2.23 
4528.66 3 G.400 | ...%. 2.24 
4529.47 3 | 0.392 | ...-. 1.91 
4529.76 3 | O.tee | .cess 1.40 
4530.97 3 | 2 eee 9.i2 
4537.84 3_| 0.458 2.22 
4540.18 3?| 0.505 jpocttt 2.89 
4545.57 3 | 9-425 | .«---. 2.06 
4549.81 3 | 0-395 | ----. I.g! 
4552.05 3 0.40) | 1.97 | 
4553-25 3 2 ae 1.86 | 
.go Ss | 0.3900 | I.92 


4560 











Remarks 


Diffuse 

N1:3:3:1 

p-component w; 

Wi 

Measured normal 
red component 

Wi 


and 


p-component ws;, sharp, 
probably four parts -r 

Measured normal and 
red component 

p-component w; 

W, 


w2, diffuse 


Weak and diffuse 


WwW, 


n-components not meas- 
urable 


n-components not meas- 
urable 

p-component w,; slightly 
shifted to violet 

p-component w;, diffuse. 
Also Fe line 

Measured normal 
violet component 

E 

Difficult 


and 


w2, diffuse 
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TABLE I—Conti 


AA 


nued 

















for 20,000 Gausses . 
— BF Bcc Remarks 
n p n ? 
4564.76 | 3 ee eee 1.81 he | E, w: 
4570.60 4 0.465 | 0.252 2.23 1.21 
4571.96 3 ft a Ere 1.75 | 
4577-30 3 ©. 282 | oeeees | 1.35 
4578.03 | 3 | @.$07 | «>... | 1.46 eer a 
4579.38 4 0.478 | 0.286 2.28 1.36 
4580.57 | 3 it meee 1.72 aaah | 
4583.96 | 4 0.461 | 0.383 2.19 1.82 Diffuse 
4586.54 | 3 ee” ae 1.96 
4590.70 | 3 O.490. 1° osace 2.23 
4591.39 | 3 | 0.400 | .-css 1.93 | 
4594.27 | 3 ae eee ; 2.09 | 
geeb.341 8 | @-$87-- | -s<s 1.50 ie E, diffuse 
4606 . 33 4? | < O.60K Row 2.00 | m-components not meas- 
urable 
4609 .84 | | 0.463 ©.220 2.18 1.04 
4611.10 | FS: aunt ©. 362 1.70 | m-components not meas- 
* urable 
epg i 3 | 0.990 | ss. 1.84 n-components of this line 
| and the following 
| blended and measured 
| together 
4619.97 4 | 0.392 | 0.267 1.84 z.25 
4624.62} 4 | 0.583 | 0.346 2.73 1.62 | Wa 
4626.67 | 4 | 9.545 0.535 | 2-55 2.50 
4635.35 | 4 | 0.508 ©. 247 2.37 1.15 Diffuse 
4640.25 | 4 0.144 0.311 0.67 1.44 
4640.92 | 4 | 0.635 0.181 2.95 0.84 
4644.64| 3 | 0.540 | .---. “a OF en ee 
4646.59 | 3 Oe 3. secs 1.89 
4670.66 | 3 = ie eres 2.23 
4687.10 | 3 O.688 { .véew 2.80 p-component w, 
4099.52 3 0.463 | 2.10 
4705.26 3 Out 4 tases . 
4700.34 3 0.553 | ----- 2.50 
4706.75 3 ae eo 2.00 | 
4707.62 3 ce hoe 2.00 | 
4710.74 | = | @a OE -<<se : Rae 3 
4714.28 s | O60) 7 vase | 1.80 
4716.08 | 3 | 0.30% | ...-. | 1.76 
4717.85 3 | 0-345 | ----- | 1-55 
4721.70 S$ | Ogg | .nvse , 2.68 
4723.00 | 3 | 0.404 | «<-->. | #@.88 
4729.73 3 @.70G | «sone 3-41 
4730.57 3 0.430 | ...-- 1.95 
4742.79 3 | 0.380 | cece. 1.73 Rae : 
4746.81 a goer ee | 0.684 Fin OS 3.04 | m-components very dif- 
fuse 
4748.70 | ss Re | 0.427 1.89 n-components very dif- 
fuse 
4751.16 | 0.549 | ©. 361 2 1.60 | Diffuse 


43 
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TABLE I—Continued 


AA 
SA <r 
d Com- for 20,000 Gausses for 20,000 Gausses en 
ponents 7” 
n p n p 
4751.75 3 0.683 3.02 Diffuse; measured nor- 
mal and red compo- 
nent 
4754.13 4 0.578 0.258 2.50 1.14 | Diffuse 
4757.08 I ; 
4706.80 3 ©. 290 I.30 , 
4776.54 3 0.380 ae 1.67 , Violet component blend 
ed with that of the 
following 
4776.70 3 0.532 2.33 
4786.70 3 0.454 1.95 é 
4797 .97 3 0.490 2.13 
4807.70 3 0.512 $.22 aa 
4827.62 4 0.598 0.228 2.57 ©.9090 
4831.80 4 0.520 0.350 2.23 I.50 Components w, 
4832.59 7 0.541 2.32 Probably 5 m-compo- 
nents —r 
4851.65 3 0.224 0.95 
4864.93 3 0.405 2.30 
4875.66 3 0.486 2.04 
4881.75 3 0.526 2.21 
4900.84 3 0.486 2.02 
4904.59 3 0.500 2.05 
4925.83 3 0.741 3.05 
4932.2 3 0.725 2.98 
5002.54 3 ©.450 1.80 
5014.83 3 0.4306 1.74 
5004.32 3 0.489 I.gI 
5105 . 37 3 0.431 1.65 j 
5128.71 3 0.507 2.97 
5138.58 3 0.566 2.14 
5139.74 3 0.427 1.62 
5148.95 3 0.532 2.01 
5159.56 3 ©. 303 1.45 aie w,; diffuse 
5170.15 3 0.512 I.Q2 I m-component, 2 p-com 
ponents 
5177.03 3 0.530 1.98 
5192.22 3 0.317 1.18 
5193.18 3 0.735 2.73 
5193.82 3 0.405 1.84 Measured normal and 
red component 
5195.01 3 0.664 2.46 
5195.58 3 0.612 2.27 
5216.80 3 0.780 2.87 
5225.97 3 0.751 2.86 
5233-91 3 0.703 2.78 
5234-31 3 0.455 1.07 P 
5241.06 3 0.552 2.01 7 
5385.39 3 0.633 2.18 
5402.17 3 0.524 1.80 
5415.51 3 °.579 1.98 
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Com- 
ponents 


Www Ww 
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WWW Ww > Ww 
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TABLE I—Continued 


OA 


for 20,000 Gausses 


“-o0000000 


eo0o0Or 000000 


ee 


oOr00 


J 


e000 0co0o0o0co0o0co Co 0 0 


eo0oo0°0 


n 


.O31 


712 
650 
570 
942 
372 
452 
942 
083 


032 


-977 


368 
864 


898 
690 
642 
778 
gol 
648 
086 
347 
824 
092 


863 
32 
rere) 
350° 
4: 


5 
° 


5 
<2 
IS 


920 
g10 
400 
690 


ron 
o 


w 
> 


~I 
“Sm Ww 


552 
700 
050 
70° 


973 


523 ¢ 


574 
598 
700 
/ 


—\~ 


~ 


~ 


0.349 


©. 303 


+ 10° 
A 


for 20,000 Gausses 


.07 


WwWWwrH HW SH DD D 
~ 
oe 
~ 


52 Measured 
violet component 


35 
10 / | 
19 ) | 
79 


0.83 N123:3 


Nn = WW 


Remarks 


Nn 1:3:3:1; poor 


iI 


to measure 


88 


4 


00 


49 
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NN FW NHN WN DD ND WD 


~~ swe bw - 
m Ww 
oo 
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2 Measured 


violet 


normal 


normal 


and 


p-components too weak 


and 


component; 


doubtful 


2 Strong, 


Ne NH WD 


W;3; 


to measure 


Ne eH OF NNN ND SH Oe 


Strong, w2 


Strong, w, 


fringed 
p-components too weak 
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TABLE I—Continued 


AA 
AA Io 


. Aa 
for 20,000 Gausses 





a Com- | for 20,000 Gausses Didseniiien 
ponents Raia 
n p n p 
5743.67 4 0.820 | 0.406 2.48 1.50 | Wa, 
5747.98 3 0.684 | 2.07 
5749.13 | 3 0.556 | 1.68 
5750.90 3 0.839 | ..... 2.54 
12.9230 0 me 
5752.90 6 ‘eaestl 0.412 33-775 I.2 fe i933: 
20 5 | 7 . 
i aaioet. { 0.820 ) ene 2.47 ( 
5761.70 6 1.810 1) 0.2645 5.45 o aos 
5772.66 3 Sa are 2.17 n-components lightly 
fringed outside 
5776.95 4 0.576 0.779 1.72 2.33 } 
5783.76 3 i ee 1.42 
5784.64 3 0.718 2.14 
5786.42 3 0.630 a 1.88 
5788.85 4 0.896 0.842 2.67 2.51 
5807.40 3 0.541 my! 1.60 - W2 
5817.33 4 0.487 0.500 1.44 1.48 
5830.97 3 a 2.15 ; Strong, w2, not sharp 
5846.56 3 0.796 a 2.33 Not sharp, w: 
5850.60 4 0.976 0.356 2.85 1.04 
5924.80 3 oa 2.21 
5979.18 3 0.688 1.92 
5981.03 3 0.682 I.gI w 
6002.60 3 0.782 2.17 
6002 . 83 3 1.370 i 3.80 
6008 . 97 4 0.839 0.955 2.39 2.65 
6016.38 3 0.698 1.93 
6018.16 4° 0.506 1.40 n-components not meas- 
urable 
6022.02 3 ©.708 1.95 t 
6025.66 3 0.626 wad ‘29 
6039.95 4 0.992 0.341 2.72 0.93 
6054.78 3 - 615 1.68 
“ 1.762¢ . (4.80/ . 
6058. 36 6 lo. 585 0.577 51.505 1.57 eaesass 
6063.56 0.521 1.42 
6067.48 3 0.646 1.76 is 
5.372 ici =. 96 % 233:32:2:°3:3; Inner p- 
6081 . 66 10 sae he 55? § . at . mee components too weak 
(0.621 \ ( 1.68 ) sisi to measure 
6090. 43 3C| 0.857 2.31 
6107.20 3 0.707 ; I.go 
6111.85 4 0.878 0.895 2.35 2.40 
0.719 I.Q2 
2 aa §o. 388? ait $1.04? ahi at ae 
6119.74 wad) See 20.1355 ms Li - ee 
8 * } . 
6128.56 5 cet 0.617 5 oe 1.64 
— ) 1.325 { “ 5 3-52 ( 
6135.56 6 ) 0.359 | 0.500 10.05 5 1.33 s e535931 
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TABLE I—Continued 




















AA 
AA +10 
Com- for 20,000 Gausses for isnt Gausses 
" ponents : } Remarks 
n p n p 
6150.35 3 Se eee 2.24 
6170.54 3 = are 2.12 
6189.57 3 a A ae 1.88 was ee 
6190.67 ers « Guwacs o.840 : 2.19 | m-components not meas- 
urable; p-components 
fringed inside 
6199.38 3 1.054 Fae 2.74 ib 
6214.06 | 4 1.078 0.329 2.79 0.85 
6210.55 3 1.057 2.74 
6218.55 3 ©.959 es 2.48 ‘“ 
6221.54 4? oe 0.390 Foca I.O1 n-components uncertain 
{ 6224.71 4 1.072 0.393 2.77 1.01 
6230.98 3 2 a eee 2.62 n-components fringed 
outside 
6233.39 4 1.048 0.502 2.70 1.29 
0230.52 3 0.744 I.gI 
( 1-545 | \2 80 
6240.35 8 |41.092}| 0.762 2.80 1.96 
(0.618 ) tsa! 
6243.02 4 1.314 0.557 3-37 | 1-43 
6243.2 3 = ae eee 2.95 wich 
6245.43 4 1.070 1.421 2.76 | 3.04 
6252.02 3 1.133 2.90 
6257.12 3 c.Eee, | .osses 3.03 
6258.79 3 2.354 , 6.01 
2.31 a 
6261.42 6 Smet 0.820 5 12 | 2.09 | %3:2:2:3 
6266.54 3C| 1.688 4.30 
6269.05 3 1.406 3.58 
,> > 
; 6274.85 6 Ripert 457 4 1.16 m1:3:3:1 
6282.57 3 O.558 | ocvee 2.17 
6285.38 3 E.ESO | cece. 2.93 
6293.03 3 B.3ZQ | cece. 2.81 
6296.70 3 1.131 2.85 
6309.98 3 1.004 2.52 
6311.74 3 O.7O 1 asivas 1.98 iene 
6321.47 3 .269 2.88 — W2 
6324.93 3 0.828 2.07 W2 
6327.05 3 O.006 1 seuss 2.08 
0339.32 3 O.95E 1 secae 1.94 
6349.08 3 0.701 1.74 
6355.83 3 0.673 1.66 
6357-53 3 0.589 | «+s. 1.45 
6359.05 3 0.833 2.06 
6361.51 3 0.788 1.95 
6374.74 3 0.487 1.20 
6379.58 3 0.734 1.80 
y 6393.56 3 0.598 1.46 
0430.75 3 0.990 2.39 
0431 90 3 O° 958 2.32 | 
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TABLE I—Continued 
AA 
AA + 108 
. for 20,000 Gausses ; = 
A Com- agi ‘. for 2c,c0o Gausses Remark 
ponents — 
n p n p 
6433.44 3 0.808 1.95 
6438.35 3 0.863 2.08 
6452.50 3 1.153 .. 77 
6488 . 33 3 0.877 2.08 
) 1.740 ¢ 4.14 ( 
6504.40 6 : 415 ( ( | sce 
594.4 ) 1.040 § 0.41 2.46 § 9.99 3 
6531.66 3 1.262 i 2.96 
0550. 33 3 0.876 2.04 
6558.28 3 0.920 2.14 
6500.13 3 Ss. 295 4.93 
/ : O rn nts ) 
6606. 20 6 ) 0. 308 5 ? 0.01 uter #-components toc 
(1.104 $ 2.634 weak to measure 
6625.05 3 1.125 2.56 


between 4 3850 and A 4800 the average is 2.17, which is the same 
as the corresponding quantity for chromium.’ As in the case of 
the latter metal, so for vanadium, the values of AA - 10%/A? for 
the triple lines occur in two main groups, of which one is much 
larger than the other. The first column of Table ITI shows a series 
of intervals in the values of AA - 10°//?, while the second and 
third columns contain the numbers of values occurring in the inter- 
vals. The enhanced lines are given here separately in order to 
show that their grouping is not peculiar. 

The average of all the values lying between 1.40 and 2.50 is 
1.990.011, while the average for the second group, between 
the limits 2.50 and 3.20, is 2.780.012, the appended quantities 
being probable errors. For the enhanced lines the average is 
1.95. Although the mean for the enhanced lines should be com- 
pared with the mean of those not enhanced, rather than with the 
general average, it does not appear that the enhanced lines are 
distinctly different from the others in their magnetic separation. 
The same conclusion was reached in the case of chromium. 

For 46 quadruple lines the average value of 4A - 10°//? for 
the n-components is 2.38, for the p-components 1.45. 

There are a few peculiar lines in Table I to which attention 
should be called. The first is A 4116.64, which has four n-com- 


™Op. cit. 
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No 
Ww 


ponents and only one p-component. The outer n-components 
show a very large separation and are shifted (by a field of 20,000 
gausses) 0.033 A to the red, while the inner pair are shifted 0.041 
A to the violet, the mean position of all four coinciding with the 
normal. AA 3912.36 and 4191.70 each have three m-components and 
only one p-component. A 5170.15 shows only one m-component, 
but two p-components—if other components exist they are very 
weak. A 5761.70 is an interesting sextuple line having two widely 
separated n-components and four p-components. A 5776.95 is 
a quadruple line of which the p-components are more widely 
separated than the n-components, in the ratio 4:3, while A 4640. 25 
of the same type has its p-components twice as far apart as its n- 
components. 
TABLE II 


DISTRIBUTION OF TRIPLET SEPARATIONS 


NUMBER OF VALUES 
INTERVALS IN - 13 


| 
AA 
na 

| Not Enhanced Enhanced 


60 50 


20 4 
60 Il 


se we ee OO 
x 
° 

Se ee et O 
8 

mw re 


a ¢ 
o 


600 17 


to 

12) 
N NN WN WN 

> 

oO 

a 

x 
“noe WD 


to 
° 
www ww 
> 
° 


2.00 


WwW Ww & 
ro. 
1°) 


x 
1°) 
to 
° 


| 5 
60 | 4 
5 


For lines having more than three components various ratios 
of separation occur. These are collected in Table III. Ciphers 
in this table indicate central components coinciding with the 
normal position of the line. 

The order of the ratios in any column corresponds to the fre- 
quency with which they occur, the most common ratio being at 
the top. 
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TABLE III 
RATIOS OF SEPARATION 


Total Number of Components 





4 5 6 7 8 10 12 
e32 0:2:5 $s ee 0:3:4:6 a°$°7°30 et by fa oe g20-+G: f: fF: 7 
“sa O:1:2 g23°6 
es 2° 3:9 
5:3 1:3:7 
3:2 5°2°2 
3:4 E:ac4 
<3 Ae ot 
1:4:6 | 
1:5:0 
2:3:4 
ee 


My thanks are due to Mr. King for suppiying two of the photo- 
graphs used in this work, and to Miss Griffin for assistance in the 
reduction of the values. 
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THE INFLUENCE OF A MAGNETIC FIELD UPON THE 
SPARK SPECTRA OF IRON AND TITANIUM— 
SUMMARY OF RESULTS! 

By ARTHUR S. KING 


The purpose of this paper is to give an outline of a detailed 
study of the Zeeman effect for iron and titanium carried out in 
the Pasadena Laboratory of the Solar Observatory, which is 
being published in full under the above title by the Carnegie Insti- 
tution of Washington in Vol. II of the Papers. of the Mount Wilson 
Solar Observatory. 

The range of wave-length covered is from A 3660 to about 
4 6700, slightly beyond this for titanium. Between these limits, 
662 lines in the spark spectrum of iron and 458 in that of titanium 
have been treated, at least to the extent of describing their type 
of separation by the magnetic field. 

The spectra of both iron and titanium have been investigated 
previously to some extent. Measurements for portions of the iron 
spectrum have been published by H. M. Reese,? N. A. Kent,3 W. 
Hartmann,‘ and Mme. H. B. van Bilderbeek-van Meurs.’ These 
measurements are confined for the most part to the blue and violet 
regions and cover only the stronger lines. For titanium, extensive 
lists have been published by J. E. Purvis® and by the author.’ 
The former list is mainly for the ultra-violet, including the stronger 

* Contributions from the Mount Wilson Solar Observatory, No. 56. 

2“* An Investigation of the Zeeman Effect,” Astrophysical Journal, 12, 120, 1900. 

3 “Notes on the Zeeman Effect,”’ Astrophysical Journal, 13, 288, 1901. 

+‘‘Das Zeeman Phaenomen im sichtbaren Spectrum von Kupfer, Eisen, Gold, und 
Chrom,”’ Dissertation, Halle, 1907. 

s‘*Magnetische Splitsing van het Ultraviolette IJzerspectrum,” Dissertation 
Amsterdam, 1909. 

6“*The Influence of a Strong Magnetic Field on the Spark Spectra of Titanium, 
Chromium, and Manganese,” Proceedings Cambridge Philosophical Society, 14 (1), 
41, 1906. 

7“The Zeeman Effect for Titanium,” Contributions from the Mount Wilson 
Solar Observatory, No. 39; Astrophysical Journal, 30, 1, 1909. 
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lines. The present investigation includes about 50 per cent more 
lines than the previous one by me, the data being compiled from a 
much more extensive set of plates, taken with higher dispersion 
and stronger field. The gain in all points is so great that these 
measures may be taken as superseding the former list. 

The weaker lines in the two spectra have been photographed as 
far as they were obtainable, an object which has added to the labor 
and altered to some extent the experimental methods which would 
be used for the stronger lines alone. The tables for titanium con- 
tain all but the weakest of those lines given in the regular lists of 
arc and spark lines. As much cannot be claimed for iron, however, 
as numerous lines, fairly strong in the arc, are not brought out by 
the spark in the magnetic field even with an exposure of many 
hours. This is especially true of those lines of diffuse appearance, 
which are particularly numerous in the iron spectrum. 

The publication summarizes the theory and the results of former 
investigations on the Zeeman effect so far as they apply directly 
to the present research. The apparatus and experimental methods 
are described in detail. The spark was given by a 5 K.W. trans- 
former, the terminals being held between the poles of a Du Bois 
electro-magnet. The light was usually taken at right angles to 
the lines of magnetic force and passed through a Nicol prism placed 
above the slit of the vertical Littrow spectrograph. By rotating 
the Nicol through go”, the components given by light vibrating 
parallel to the lines of force and in a plane perpendicular to the 
force-lines were successively photographed. A variety of field- 
strengths were used, sometimes slightly over 20,000 gausses, but all 
values for the tables were reduced to standard fields of 16,000 
gausses for the iron spectrum and 17,500 gausses for that of titanium. 
A system of checking the field-strengths for different plates, some- 
what difficult in the case of iron, was carried out, so that consider- 
able confidence can be placed in the uniformity of the field for all 
parts of the spectrum. 

The Littrow spectrograph was used with objectives of either 
13 ft. (4 m) or 30 ft. (9.1 m) focal length, the third order of the 
plane grating generally being used at the shorter focus and the 
second order at the longer. Scales of about 1.3 and o.g5 Angstrém 
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units per mm, respectively, were obtained for photographs with the 
two arrangements, but dispersions as high as 0.62 and 0.44 A 
per mm were occasionally employed with higher orders of the 
grating. 

The photographic processes were adapted as nearly as possible 
to the somewhat conflicting requirements of speed, moderately 
fine grain, contrast sufficient to give sharply defined lines and still 
not such as to give too large differences in intensity between the 
stronger and weaker lines. For the most part, the Seed ‘27”’ 
plate was used for the blue end of the spectrum, and for wave- 
lengths greater than 4600 the same plate was sensitized by a three- 
dye bath. Regions of the spectrum containing a wide range in the 
intensity of lines often required special treatment both as to instru- 
mental and photographic methods. 

In the measurement of the plates, I am indebted to Miss Wick- 
ham and to Miss Griffin for much assistance. 

In making extracts from the tables, there is no criterion which 
makes a certain class or type of lines of special importance for a 
summary of this sort, so the method adopted is to take the descrip- 
tions of lines for various short stretches of wave-length bodily 
from the complete tables. These regions are selected to represent 
as well as possible the types of separation occurring throughout the 
two spectra. Each region contains a number of strong lines and 
includes some complex types of separation. The change in average 
separation with the wave-length may be noted by comparing the 
general magnitude of the measurements in successive regions. 


EXPLANATION OF THE TABLES 


The letters 2 and in the tables are used to denote the Zeeman 
components given by light vibrations in a plane at right angles to 
the lines of magnetic force and parallel to these respectively. The 
wave-lengths are on the Rowland system. The second column 
gives a rough value for the intensity of lines in the spark spectrum, 
taken partly from the tables of Exner and Haschek and partly 
estimated on the same scale from my plates. Weak lines are 
graded 1, but there is a considerable variation in the strength 
of lines which are given this value. 
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The third column gives the best judgment of the type of separa- 
tion that can be made from the photographs. The description given 
must be considered in connection with the measured separation 
and widening of components given in the columns for AA of the n- 
and p-components, and is usually made clear by these. Frequently 
a supplementary remark is needed in the case of complex lines. 
The interrogation point is freely used to indicate that the line is 
probably of the character given, though not clearly shown to be 
so on the plates. The reason for doubt is usually given in the 
columns for 4A. Thus “triple?’’ means that the p-component 
is slightly widened and may not be simple, though the widening 
may be explained by the strength of the component or by the fact 
that the no-field line is slightly diffuse. ‘“‘Quadruple ?”’ signifies 
that the two n-components are fairly sharp, but the p-component 
is probably double. The doubtful sextuplet is very common and 
as a rule has its two m-components each widened so that there are 
probably two pairs, while the p-component is either distinctly 
double or unresolved and considerably widened. The questioned 
septuplet has almost the same appearance, but shows a central 
maximum to the widened p-component, indicating three constitu- 
ents. Lines whose m-components shade off either outward or 
toward the center are given in the ‘‘ Remarks”’ column as “fringed.” 
The fringes indicate very close, unresolved components. If the 
structure of the line is very complex, an interrogation point is 
used without any attempt to give the number of components. 

Although the character of separation is thus doubtful in many 
cases, the large number of plates from which the material was taken 
gave an opportunity to study each line under various conditions 
of intensity and degree of separation so that the classification as 
to character is probably as accurate as can be made without very 
much higher field-strength combined with as large dispersion as 
was here used. 

In the fourth column, lines are weighted 3, 2, or 1 according as 
the quality of the components for measurement is good, fair, or 
poor. Weight 3 indicates that the components are sharply defined, 
the probable error of measurement being in the third decimal 
place, often not greater than two or three thousandths of an Ang- 
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strém. Weight 2 is given to lines which do not permit such close 
measurement, but which as a rule have a probable error not greater 
than 10 per cent. Lines weighted 1 are either very faint, much 
disturbed by blends, or cf such complex structure that the com- 
ponents are very diffuse. The error of measurement for such lines 
may be large, but the figures given show whether the line is to be 
classed as having small, medium, or large separation. When both 
the m- and the p-components are measurable, the weight for each 
is given, separated by a comma. In case only the p-component is 
measured, a dash before the comma indicates the omission of the 
weight for the -component. 

The fifth and sixth columns give the separation in Angstrém 
units of the m- and p-components respectively. <A single value 
denotes a pair of components. When there is more than one pair 
for the same polarization, the largest separation is given first, but 
the innermost pair is designated as ‘Pair I.” When an odd num- 
ber of n- or p-components is present, any outer components that 
may appear are measured from the central component, the latter 
being denoted by 0.000. The relative intensities of multiple 
components are indicated by figures in parentheses after the value 
of the separation. 

The widening of individual components, which often denotes 
a blend of two or more, is indicated by “‘w” with subscript 1, 2, 
or 3, according to the degree of widening. The letter “w” in the 
p-component column shows that the unresolved component may 
w’’ is given in the 


se 


not be single. If a measurement followed by 
n-component column, a more or less diffuse pair is present, which 
might be resolved by higher field into two or more pairs. 

The letters ‘‘n.m.”’ indicate that a separation exists but is not 
measurable, generally by reason of faintness. In such cases it is 
usually possible to tell the character of the separation with fair 
certainty and the line is included on this account. When the com- 
ponents are hazy as well as faint ‘“‘n.m.w.” is used. 

The seventh and eighth columns give the values of 4A//?, the 
positions in the column corresponding to those of the values of AA. 
When A is expressed in Angstrém units, the values given for AA/2? 
are to be multiplied by 107*. 
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244 ARTHUR S. KING 


EXPLANATION OF THE PLATES 


Enlargements of selected portions of the iron and titanium 
spectra are reproduced in Plates X—-XIII. In Plate X, the spectra 
of the spark without magnetic field is placed above and below, while 
the three magnetic-field spectra are those given when the light is 
observed across the lines of force with a Nicol in two positions go° 
apart, and without a Nicol, the first two giving the p- and n-com- 
ponents respectively, while the last gives the two superposed. 

For the other plates, the same plan is followed, but only the 
spectra showing the p- and m-components are presented. The four 
spectra in Plate XII show two portions of the titanium spectrum, 
the range of intensity among the lines being so great that one 
photograph can do justice only to a certain set. 

The number of lines for each type of separation, including both 
the clear and the questioned cases as given in the complete tables, 
is shown in Table ITI. 

The publication discusses in detail the characteristics of each 
type. 


RELATION OF SEPARATIONS TO THE NORMAL INTERVAL 
The study of how generally the separations observed show a 
simple relation to a fundamental interval has been gone into with 
some detail. The relation 
AA eH 
? ~ am anv . 


a= 


where e/m is the ratio of charge to mass of the electron, H 


the field-strength, and v the velocity of light, gives values for 
a of 0.753 and o.812 for the field-strengths corresponding 
to the measurements for iron and titanium, respectively. The 
“normal triplet” should then show values of 4A/A? for the 
distance between the side components of about 1.500 and 1.600, 
respectively. 

Various types of separation are considered in turn with regard to 
how nearly the measured separations can be expressed in terms of 
the normal interval a. In the iron spectrum, 272 clear triplets 
were measured, i.e., triplets whose components show no widening 
which would indicate that the line is of higher type. Of these, 230 
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gave separations which could be expressed readily as multiples of 
a/2, 54 showing a value of AA/A? close to 2a, and 72 close to 3a. 
The titanium table contains 242 clear triplets, 145 of which gave 
multiples of a/2, 73 of these being normal triplets. Many of the 
remaining triplets allow their separations to be expressed as even 
multiples of a/4, but, with the fields employed, this brings the unit 
close to the possible error of measurement, except for lines of high 
weight. 
TABLE III 
SUMMARY OF TYPES OF SEPARATION 











Separation Iron | Titanium 
ee eee a! 9 4 
Triple...... oy! 393 291 
Quadruple... . repre ee 49 28 
Quintuple. . . 7 5 
eae aeted 118 77 
Septuple..... beveats 37 12 
Octuple.... - 6 II 
9 components 9 3 
10 components 7 7 
Ii components. — 2 2 
12 components.......... 4 2 
13 components. 2 ° 
Unclassified. . . 19 16 

458 


Piviadhksonkeseeves 662 

The lines appearing as quadruplets (in many cases really sextuple 
owing to two pairs of m-components being blended) in the majority 
of cases allow their separations to be expressed as multiples of a 
or a/2, the most common ratios of m- and p-separations being 2a:a 
and 3a:4a. 

The lines of more complex type which are fully resolved, ran- 
ging from quintuplets to 12-component lines, are tabulated in a form 
to show how the separations may be expressed in terms of the nor- 
mal interval and also to give the ratio, usually very simple, between 
the successive separations. Fifty-seven complex lines are thus 
treated, and in almost every case the ease with which the separa- 
tions can be expressed in terms of a leaves no doubt as to the 
generality of a relation of this sort. As an example, the 12-com- 
ponent lines AA 3722.729, 3872.639, and 5447.130 of iron, and 
4289.237 of titanium, some of which are given in Tables I and II 
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in this abstract, present in each case the following arrangement 
of the six pairs of components: 


+ 20 n 4 
3a/2 n 3 
a n,p 2 
aj/2 np 1 


The ratio separations for successive pairs is thus 1:2:3:4. Not 
all lines show so simple a ratio, and probably a much stronger 
field, permitting the use of small fractional parts of a, would cause 
some revision of the relations here given for a few lines. The 
results in general, however, are fully in accordance with the rule 
given by Runge’ that for complex lines the distances of the various 
components from the center may be expressed as multiples of 
aliquot parts of a. 

This treatment of complex separations has brought to notice 
many cases of “‘magnetic duplicates,” lines showing exactly the 
same structure and with the same intervals between components. 
The knowledge of the structure of these lines may be of service in 
the search for series relations, but as yet nothing definite in this 
direction has been developed. 


DISSYMMETRY 

The number of lines showing clear dissymmetry in spacing or 
intensity of components is not large, fourteen such lines being 
listed for the two spectra. 

Measurements were made for a number of sharp iron triplets 
to test the dissymmetry predicted by Voigt and investigated by 
Zeeman and others, according to which the violet component of a 
triplet should have a slightly greater spacing from the central 
component, while the red component should be slightly stronger 
than the violet. Of 26 lines favorable for this purpose, all but 3 
show a larger spacing for the violet component, while most of the 
lines show a difference considerably greater than the probable error 
of measurement. Numerous triplets also appear for which the red 
component is very slightly stronger than the violet. <A detailed 
study must wait until a much greater field-strength is available, 


* Physikalische Zeitschrift, 8, 232, 1907. 








~~ 
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but this preliminary examination indicates that the effect is real 
for many triplets. 


LAW OF CHANGE OF THE AVERAGE SEPARATION OF THE 
N-COMPONENTS WITH THE WAVE-LENGTH 


The extensive range of wave-length studied for iron and tita- 
nium, together with the large number of lines measured, has fur- 
nished material for a statistical study of the change of the average 
separation with the wave-length. The method of treatment has 
been to obtain the mean value of AA/A? for the m-components of 
lines for each 500 A from % 3700 to 46700. When there are two 
or more pairs of m-components the mean of the separations is taken. 
The averages thus obtained are presented in Table IV. The means 
for the six groups of 500 A are given first, then the means for the 
three groups of 1000 A. These latter are the means for the whole 
number of lines included in the range, not the average of the means 
for the 500-groups. 


TABLE IV 
MEANS OF AX/)? (n-COMPONENTS) FOR SUCCESSIVE REGIONS OF WAVE-LENGTH 





IRON TITANIUM 
RANGE OF A 
No. Lines Mean SA/A? No. Lines Mean AA/A* 
3700-4200 267 2.003 80 I .909 
4200-4700 IO! 2.051 152 2.027 
4700-5 200 74 2.125 SI 1.684 
5 200-5700 62 1.932 47 1.819 
5700-6200 37 1.837 34 1.942 
6200-60700 4! 2.131 28 1.764 
3700-4700 368 2.016 232 1.986 
4700-5700 136 2.037 128 1.734 
5700-60700 78 1.989 62 1.862 


The close agreement of the means shows that there is an approxi- 
mate constancy of the values of 4A/)? for different parts of the 
spectrum. Taking the successive means of the 500-groups, the 
average value for iron is 2.013, for titanium 1.858. The largest 
deviation from the mean for any group is 8.7 per cent for.iron and 
9.4 per cent for titanium. For neither element is there any sys- 
tematic change of the means for successive groups. 














248 ARTHUR S. KING 


The means for the groups of 1000 A show a still closer agree- 
ment, the largest deviation from the mean of these groups being 
only 1.2 per cent for iron and 6.8 per cent for titanium. 

The mean values for titanium run smaller than those for iron, 
although the titanium measurements correspond to the greater 
field-strength. When a number of spectra are examined in this 
way, it may prove that this difference is connected with certain 
properties of the elements concerned. 

This constancy of the mean values of 4A/A? appears to be based 
on the general relation of the separations to the fundamental 
interval a, and to result from the fact that the great majority of 
the separations for the m-components range from the values of 2a 
to 3a. Among triplet lines, the greater number show a separation 
larger than 2a. The exceptionally large and small values for trip- 
lets, together with the mean separations of the complex lines, 
combine to form a fairly definite mean which holds for the 
whole range of spectrum examined. 

Since 4A/)? is thus shown to be nearly constant, it may be said 
that for the spectra of iron and titanium and probably for spectra in 
general, the mean separation of the n-components varies as the square 
of the wave-length. A similar rule must hold for the p-components, 
since complex lines of the same structure in different parts of the 
spectrum show the same relation to the interval a. 

A result obtained by a different method, but doubtless based on 
the same general relation, was given by Mr. Hale’ in a comparison 
of sun-spot doublets with Zeeman separations on laboratory plates. 
He observed that the mean AA divided by the square of the mean 
» agreed exactly for two regions of the iron spectrum. 


THE EFFECT OF THE MAGNETIC FIELD UPON ENHANCED LINES 


In my former paper on the titanium spectrum, as well as in the 
recent papers of Mr. Babcock? on the Zeeman effect for chromium 
and vanadium, the conclusion was reached that the enhanced lines 
as a Class are not affected differently from the non-enhanced lines 

* Contributions from the Mount Wilson Solar Observatory, No. 30; Astrophysical 
Journal, 28, 315, 1908. 


2 Contributions from the Mount Wilson Solar Observatory, Nos. 52 and 55; Astro- 
physical Journal, 33, 217, 1911. 
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of these elements. The larger amount of material in the present 
publication has verified this conclusion in general, but it also 
presents evidence that the stronger enhanced lines of titanium show 
a tendency toward one type. The question is of interest because 
the enhanced lines form a fairly well defined class, requiring certain 
physical conditions of the light-source for their production, and a 
modification of these conditions affects the intensity and appear- 
ance of all such lines in the same way though in different degrees. 

Among the lines measured for magnetic separation in this publi- 
cation, the ratio of enhanced to non-enhanced lines is about 1:14 
for iron and 1:5 for titanium. There appears to be no undue 
proportion of any one type of separation among the enhanced lines 
considered as a whole. None of the lines unaffected by the mag- 
netic field are enhanced, and only one quintuplet occurs in this 
class. The more common types are all well represented among 
them. However, one noteworthy peculiarity is shown by the 
enhanced lines of titanium in the region from A 3600 to A 4600, 
rich in this kind of lines. Twenty-two lines occur here which show 
a high degree of enhancement, and are, as a rule, much stronger in 
the spark than any of the lines characteristic of the arc. Seventeen 
of these lines are clear triplets, while in the whole titanium 
spectrum measured, only a little over half of the lines are clear 
triplets. The remaining five, which are with one exception the 
weakest in the list, are of more complex character. As regards 
magnitude of separation, none of these 17 lines are normal triplets, 
and they appear to be less closely related to the interval a than a 
like number of triplets taken at random. These data are all pre- 
sented in tabular form in the complete publication. 


COMPARISON OF THE RESULTS FOR THE ZEEMAN EFFECT AND 
FOR PRESSURE DISPLACEMENT 
This subject was treated for the spectra of iron, titanium, and 
chromium in a former paper.’ The material for the first two ele- 
ments is now presented with revised measurements and much more 
extensive data for titanium, for which I am indebted to Mr. Gale, 


* Contributions from the Mount Wilson Solar Observatory, No. 46; Astrophysical 
Journal, 31, 433, 1910. 
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photographs having been made by him in this laboratory for the 
titanium arc under pressure. This extension gives 173 iron and 
122 titanium lines available for a comparison of magnetic separation 
and pressure displacement. 

The method of treatment of the material in tables is much the 
same as before, and similar conclusions are reached. The ratios 
of separation to displacement for different lines show no approach to 
constancy. In many cases the magnitudes of the two effects are 
very different, the extreme cases being lines unaffected by the mag- 
netic field which show large pressure displacement. Taking the 
means of separation and displacement for large numbers of lines in 
the same region of the spectrum, however, it is found that these 
means are in general of the same order of magnitude when they are 
classified broadly as small, medium, and large. This shows that 
the lines as a rule show some degree of similarity in their response 
to the two displacing influences. Both effects are observed to in- 
crease with the wave-length, although it is not yet established that 
the rate of increase for the pressure-effect is the same as that for 
the Zeeman phenomenon, i.e., as the square of the wave-length. 

Mount WILson SOLAR OBSERVATORY 

April 10, 1911 





BODE’S LAW AND SPIRAL STRUCTURE IN NEBULAE 
By WILLIAM SUTHERLAND 


By the law of Titius, known as Bode’s, with the mean radius 
of the earth’s.orbit as unit, the mean orbital radius of the planet 
which is mth from Mercury is 

r=0.4+0.15X 2". (1) 
For Ceres, as representative of the asteroids, m=4. As far as 
Uranus, for which n=7, the maximum difference between the 
observed values of r and those calculated by (1) is 5 percent. In 
the case of Neptune, with n=8, the observed value of r is 30, while 
that calculated is 38.8, the difference rising to 29 per cent. We 
can write (1) in the form 


r=r,+7., (2) 
r,=a=0.4, (3) 
r= be®/*=0.15X 2", (4) 


thus expressing that r can be obtained by adding to the radius 
vector of a circle of radius a the radius vector at angle nalog,2 
of the logarithmic (equiangular) spiral (4). If we note that the 
circle is a limiting form of a spiral when @ is infinite and @ is 
finite, we get the interesting mathematical result that the planetary 
distances are derived from two equiangular spirals, in one of 
which the constant angle between radius vector and tangent is 
7/2, and in the other the tangent of that angle is a. The law of 
planetary distances introduces us to a type of spiral simply related 
to the simple logarithmic spiral. So we are led to the physical 
hypothesis that the solar system in its evolution passed through 
the stage of a spiral nebula. Let us take the simplest case when 
r,=o and we consider the nebula whose spiral is (4). 
The mean radius between @= m8 and (m+1)8 is 


,((m+nB | | 

r= be®/*d0 = be™/*(¢8/*—1)a/B. (5) 
PB) mp 

Thus in the planetary distances we can regard r, as derived 

from the breaking up of a logarithmic spiral nebula into equal 
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angular parts, that is, into parts which originally subtended the 
constant angle 8 at the origin. Equating coefficients in the 
second term of the right-hand side of (1) and (5) we get, when 
m=n, em™/*= 2" b(e®/*—1)a/B=0.15 .. B/a=log.2=0.693, and 
b=0.15X0.693=0.104. The breaking up of the original nebula 
into equal angular portions is suggestive of the existence of station- 
ary vibrations in it. Let us consider. the origin of these. Take 
to begin with a swarm of meteorites which has reached this sort 
of steady state, that it is no longer expanding. Gravitation is 
just sufficient to make the swarm cohere at its maximum size. 
It has lost all those meteorites which can escape from it.. Gravita- 
tional collapse has just begun. If the velocities of the meteorites 
relative to the center of mass of the swarm are uniformly dis- 
tributed in direction, the swarm will move on with uniform velocity 
of translation, without any prevailing rotation, and collapsing 
uniformly. These uniform conditions may not prevail throughout 
the swarm. Local condensations may be taking place, but on the 
whole there is no prevailing structure except that due to the inward 
motion of the parts collapsing. This is the simplest type of nebula. 

But when the gravitationally cohering swarm has a prevailing 
rotation as well as translation, then that rotation prevents col- 
lapse in directions at right angles to its axis. In this case collapse 
goes on parallel to the axis.and the swarm takes the form of a 
disk or lamina. We may start then with a spherical swarm as 
type of a uniform nebula and pass to the swarm typified by an 
oblate spheroid as representative of one in which a prevailing 
rotation destroys the symmetry with respect to the center and 
replaces it with symmetry in regard to an axis of rotation. When 
the oblateness of the spheroid is great, we reach the type of the 
disk nebula, which includes the great majority of the spiral nebulae. 
Now to the generalized swarm we can apply the principles of the 
kinetic theory of perfect gases. But when gravitational cohesion 
is taken into account, we pass to a case analogous to the kinetic 
theory of imperfect gases, in which cohesional force is producing 
measurable effects recognized in such an equation as that of Van 
der Waals. In this way we reach the conclusion that in a swarm 
of meteorites gravitational cohesion can produce effects like those 
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of liquidity and solidity in the general kinetic theory of matter. 
In a swarm of meteorites whose elements range from separate 
molecule to particle of dust and from particle of dust to star we 
have a large-scale rigidity and a large-scale bulk modulus (recipro- 
cal of compressibility) connected with the gravitational energy 
and the kinetic energy of the elements of the swarm. In “The 
Electric Origin of Rigidity and Consequences” (Phil. Mag. [6], 
7, 417, 1904) it is shown that at the absolute zero of temperature 
the rigidity of a solid is equal to the electrostatic energy per unit 
volume of its molecular electrization. At higher temperatures 
molecular kinetic energy plays a part. It seems to me then that 
in cosmical physics we must freely supplement the theory of three 
bodies with a theory of cosmic elasticity, with the aid of which 
to study the changes observed in nebulae regarded as solid and 
liquid bodies of which meteorites are the molecules. Stationary 
vibrations in a disk nebula are a dynamical necessity of this theory. 
The simplest type is that in which the disk vibrates in m equal 
segments with the radii as nodes. As to the causes which give n 
a definite numerical value I refrain from speculating at present. 
The separation into m vibrating segments determines the uitimate 
condensation into m planets in a manner which observation may 


_ elucidate. 


Let us now trace the probable course of the development of 
spiral structure in a disk nebula. The most probable motion of a 
meteorite of mass m at distance r from the center is that in a circle 
with velocity v such that mv?/r is equal to the gravitational attrac- 
tion of the whole swarm toward the center. Near a circle of 
radius r we shall have two circular streams traveling in opposite 
directions with this velocity v. One stream is more massive than 
the other, whence the prevailing rotation of the whole disk, though 
we see that a disk could exist without a prevailing rotation, if it 
had equal opposite circular streams that failed to destroy one 
another by collisions. Where one stream is more massive than 
the oppositely directed one, we may regard it as containing more 
meteorites of the average size. Suppose two average meteorites 
moving in opposite directions collide so as to form a mass of velo- 
city o. This at once proceeds to fall toward the center, describing 
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a radius. We may designate this radial path as a spiral of zero 
spirality, and the circular path as one of infinite spirality. We 
see that the radially falling body will get circular motion imparted 
to it by collision, and thus we arrive at an average path between 
circular and radial, namely a spiral of finite spirality. The meteor- 
ites of the collapsing swarm move in toward the center on spiral 
paths. If these are uniformly distributed round the center, they 
may give little or no evidence of spirality, they appear as simple 
disk nebulae of unknown spirality which may have any value 
between zero and infinity, a ring nebula perhaps making its infinite 
spirality known. 

We have now to consider the remarkable fact that so many of 
the typical spiral nebulae consist of two spirals. Theoretically 
we can see how there is a tendency for tracks of greater meteoritic 
density to form. In the first place, gravitation helps any denser 
region to become more dense. In the second, collisions are more 
frequent in the denser region, making its spirality smaller, so that 
it cuts the less dense tracks of larger spirality, robbing them of 
meteorites by reason of the more frequent collisions and the stronger 
gravitation. In these ways the dense region generally tends to 
become more dense. This is only a particular case of the universal 
tendency under gravitational attraction. We see that there is 
a process by which the spiral tracks coalesce into fewer ones of 
higher meteoritic concentration. But we should expect the 
number of spirals to be determined by the initial departures from 
uniformity of the distribution of the meteorites in the swarm. It 
is probable that, as the central body grows by the inflow of meteor- 
ites along the spirals, it creates dynamical conditions favorable 
to the reduction of the spirals to two main ones symmetrically 
placed with regard to itself. In some photographs of spiral 
nebulae there are signs of a spiral breaking into branches, which 
are probably remnants of spirals coalescing into one. Two main 
spirals represent the simplest symmetrical arrangement by which 
momentum in the spiral paths can be transmitted to the rotating 
central body. No doubt it is a very complex problem to find 
the definite dynamical reason for the existence of the spirals so 
frequently as symmetrical pairs. 
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So far we have reached the conception of a disk nebula rotating 
as a whole round its center, while there is a streaming motion 
of its constituent parts inward toward the center along spiral 
paths which generally reduce to two. With a scale large enough 
in space and time we may regard it as a solid body rotating, under- 
going deformation, and flowing like a liquid along the spirals, just 
as ordinary solids flow under suitable stresses, while at the same 
time the whole elastic structure is vibrating. In studying the 
photographic records of nebulae it will be necessary to bear in 
mind these general modes of motion. An important dynamical 
point is this: Does the disk nebula, while it concentrates into two 
spirals, still vibrate as a disk divided into equal segments by 
radiating nodal lines? We are led to suppose that it does, to 
account for the derivation of each planet being from an arc of the 
spiral subtending a constant angle at the center. So the evolution 
of a planet must now be discussed. The vibrational movement 
of each internodal segment of a spiral will be damped down by 
internal friction, that is to say, by collisions among meteorites. 
So frictional or viscous damping on the cosmic scale means coales- 
cence of meteorites. Collisions aided by gravitation favor aggre- 
gation in each vibrating segment. But as the meteorites gather 
into larger and larger masses, into incipient planets, they move in 
a region where the meteorites are less dense. The planetary nucleus 
tends to move independently of its segment of the spiral, to take to 
a path of its own of larger spirality, cutting periodically the region 
near the middle of its segment of the old spiral and growing at its 
expense, while describing an orbit that becomes more and more 
nearly a circle round the center. Meanwhile other meteorites have 
continued to stream along the old spiral tracks into the center. 
Sun and planet grow simultaneously, the sun being indeed only 
the large central planet. If the solar system consisted at one 
stage of two main spirals, then the corresponding internodal 
segments of each must have built up together a single planet. 
According to this scheme of evolution it is probable that the moon 
and the other satellites originated as small subsidiary or branch 
spirals such as we see in the photographs of spiral nebulae. 

A very remarkable fact about the planets is that Mercury, with 
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the smallest mass, namely 0.074 of the earth’s, comes next to the 
sun, which has the vast central mass, while Mars, with the next 
smallest, namely 0.134, comes almost next to Jupiter, the largest, 
of mass 343, the asteroids of very small mass coming between. 
The special enrichment of the sun and Jupiter and Saturn meant 
the impoverishment of the planets near them, Mercury, Mars, the 
asteroids, Uranus and Neptune. At first sight it appears as if 
these large contrasts in the masses of neighbor planets make it 
very improbable that the planets originate in internodal segments. 
One might naturally expect nodal segmentation to give rise to 
planets of nearly equal masses. But further consideration presents 
the matter in a new light. Let E be a modulus of cosmic elasticity 
of the matter of a nebula, p its density cosmically measured, then 
the velocity of propagation of a disturbance through the nebula is 
(E/p)'. If E is proportional to p, this velocity is independent 
of e density in any part of the nebula, so that the disk nebula is 
divided up by its nodes into segments without reference to the 
distribution of density in the nebula. A similar case occurs with 
the velocity of sound in any given gas, which is independent of 
its pressure. If the earth’s atmosphere were at a uniform tem- 
perature, its nodes of vibration would be distributed irrespective 
of the variation of the density of the air with altitude. When E 
is proportional to p, we may infer that the energy giving rise to the 
modulus E at any point in the nebula is due to the mutual gravita- 
tional energy of unit volume of the nebula at that point and the 
rest of the nebula, which at the stage we are considering will be 
nearly the mass of the central sun. In that case the gravitational 
energy of unit volume will be proportional to its density, and also 
inversely proportional to the distance of the point from the center 
ofthesun. Parts of the nebula at the same distance from the center 
have E proportional to p. The velocity of propagation of a dis- 
turbance round a circle of radius r is constant, however the density 
varies along the circle. It follows then that radial nodal lines 
will be distributed at equal angular intervals without reference 
to the distribution of density in the nebula after most of its matter 
has gathered at the center. The contrast in the masses of neigh- 
bor planets causes no difficulty in the theory that the planets 
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originate through the cosmical music of the nebula, “‘the harmony 
of the spheres.”’ In the speculations of the Greeks this harmony 
was a harmonical spacing. To account for the contrasts a marked 
want of uniformity in the distribution of the meteorites in the swarm 
must be postulated, gravitation accentuating this by increasing 
the store of the denser regions at the expense of the less dense. 
At the present time, thanks to recent advances in astronomical 
photography, we can investigate the spirality of typical spiral 
nebulae in a fairly definite manner, though concerning their linear 
dimensions we have little accurate knowledge. We recognize that 
the size of a nebula has a vast range if we proceed from the rings 
of Saturn to the great nebula in Andromeda having an angular 
length of 2°5. But just as the broad elastic laws of a grain of sand 
are the same as those of a mountain of quartz, and those of a speck 
of jelly the same within the right limits as those of an ingot of steel, 
the laws of cosmic elasticity must produce similar results in Saturn’s 
rings to those in the largest nebulae. So no difficulty arises in 
comparing the primitive solar nebula with the vaster ones of the 
heavens except the practical one of measuring the linear dimensions 
of these remote bodies. But in the measurement of the spirality 
of nebulae we can obtain at once satisfactory results from the 
photographs. The chief uncertainty in these arises from the neces- 
sity of assuming that the lines of luminosity in a nebula show the 
lines of greater density. With this assumption we can obtain the 
spirality of typical nebulae from their photographs. As the most 
favorable example we may take Ritchey’s photograph of the spiral 
nebula Messier 51 Canum Venaticorum, reproduced in Nature, 85, 
142, from this Journal, Plate [V, 32, 1910. The following are the 
values of the radius vector in mm for values of @ increasing by 7/2. 


Pes ‘eae pete ° w/2 2me/2 3/2 2m 
rin one spiral......... 7 12 18 25 

rin the other. . 7 11 19 28 60 
rmean.... eae ee I1r.5 18.5 26.5. 60 
ee 6.2 10.7 18.6 32.4 56 


The calculated values of r are obtained from the equation 
logir =0.79+0. 24(26/r) or loger=1.819+6/ 2.84, (6) 


constructed as the best logarithmic spiral to represent the relation 
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between the mean r and @. The data are hardly definite enough 
to warrant the attempt to treat r as r,+r,. The spirals of this 
nebula can be fairly well represented by logarithmic spirals of 
spirality a=2.84 radians. Two other photographs suitable for 
similar measurements are those of Nebula M 100 Comae by Roberts 
and of Nebula M ror Ursae Majoris by Ritchey, reproduced in 
Lowell’s Evolution of Worlds, the results being subjoined. 


Nebula M 100 Comae Nebula M ror Ursae Majoris 
ee Oe ; ie ° w/2 | 2m/2| 3"/2)| oO w/2 | 27 3m /2 
Pewee 2....... 4 5 8 11 4 5 6 0 
yim epiral?2....... 5 0 1 . 2 8 
| eae 4 5 8.5 il 4 5 7 re) 
r calculated. .... 4 5.6 8 mal < Sa 6.9 | 9.1 


The equations used in calculating r to represent the mean r 

were 
loger=1.38+6/4.55 and 1.38+6/5. 69. (7) 

Here again we find that the spirals can be regarded as approxi- 
mately logarithmic. The spiralities of these three nebulae, meas- 
ured by @ in radians, are 2.84, 4.55, and 5.69, that for the ring 
nebulae being «, with o for the case of a uniformly collapsing 
spherical nebula. For the case of the primitive solar nebula we 
did not obtain a, the spirality, but only 8/a=o.693, & being the 
unknown angle subtended at the center by the segment of the 
spiral from which each planet was derived. As the visible range 
of @ in the three nebulae considered above does not exceed 27, and as 
there are 8 planets, we may take the order of magnitude of 8 to 
be given by 27/8. With this value for 9 in the solar nebula a 
becomes 1.13, and the spirality of the solar nebula ranges itself 
naturally with those for the three nebula taken as typical. 

It is interesting to recall the fact that the logarithmic spiral is 
the orbit of a particle moving under an attraction varying inversely 
as the cube of the distance from the center. It appears then that, 
after the greater part of a nebula has gathered into a central star, 
we may regard the larger part of the gravitation as producing 
cohesion of the whole and along with the general rotation providing 
the general rigidity, while at the same time part of the attraction 
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of gravity is so modified by collisional viscosity as to operate like 
an unresisted attraction varying inversely as the cube of the dis- 
tance from the center. 

A rather important point in observational astronomy raised 
by the present theory is the desirability of searching systematically 
for uncondensed vestiges of the original solar nebula not only near 
the sun but out as far as Neptune. Does the earth at intervals of 
nearly a year pass through the remnant of the segment of the 
spiral or each of the two spirals from which it was condensed ? 
Two crucial observations needed to verify the present theory are 
that of inward motion along the spirals of all spiral nebulae and the 
demonstration of a process of regular segmentation of the spirals 
in some of them. 


MELBOURNE, AUSTRALIA 
April 1911 


Postscript added July 27.—The trend of previous thought 
concerning a connection between the structure of the solar system 
and that of spiral nebulae may be indicated by two references: 
first, to William Thomson’s summary of three papers of 1854 in 
Vol. II, art. lxvi, of his Mathematical and Physical Papers, where, 
in discussing the origin of the sun’s heat from the falling of 
matter into it, he states that a metoer would approach the sun by 
a very gradual spiral; and, second, to F. R. Moulton’s paper in 
this JOURNAL, 22, 165-181, 1905, on Chamberlin and Moulton’s 
theory of the development of the solar system from a spiral 
nebula. 


SECOND Postscript.—August 3: Having seen today an article 
in Astronomische Nachrichten, No. 4503 (188, 250, 1911), by E. v. 
d. Pahlen entitled “Ueber die Gestalten einiger Spiralnebeln,”’ I 
can add the following information. This author finds that selected 
nebulae have their shapes definite enough to be taken as logarith- 
mic spirals. He assumes that the selected spirals lie each in a 
plane, and considers the case where this plane is not at right angles 
to the line of sight He takes the spirals of M 51 Canum Venati- 
corum to Jie in a plane making an angle of 42° with the plane at right 
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angles to the line of sight, and finds spiralities which are 4.28 and 
4-24 when expressed in radians. These are markedly larger than 
the mean value 2.84 which I have given above on the assumption 
that the plane is at right angles to the line of sight. He finds that 
M 33 Trianguli and M 74 Piscium are at right angles to the line of 
sight, and have spiralities 1.16, 1.25, and 4.08, 3.53. The values 
1.16 and 1.25 for the two spirals of M 33 Trianguli are close to 
1.13 estimated above for the solar nebula. He finds the spirals of 
other nebulae to be logarithmic, but does not give the coefficients 
from which their spiralities can be calculated. 








